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ABSTRACT. J akobshavns Isbra: (69° 10' N, 49°59' W) drains about 6.5% of th e 
Greenland ice shee t and is the fas tes t ice stream known. The J a kobshavns Isbra: basin 
of about 10000 km2 was m a pped photogra mmetri cally from four sets of a eri a l 
photography, two taken inJuly 1985 and two inJuly 1986. Positions and elevations of 
severa l hundred na tural fea tures on the ice surface were determined for each epoch by 
photogra mmetric block-ae ri a l triangula tio n , a nd surface velocity vectors were 
computed from the positions. The two fli ghts in 1985 yield ed the best results a nd 
prov ided m os t common poin ts (7 16) for velocity determina tions a nd are therefore used 
in the mod eling studi es . The d a ta from these irregula rl y spaced points were used to 
calcul a te ice eleva tions and veloc ity vecto rs a t uniforml y spaced grid points 3 km a p a rt 
by interpola tio n. The field of surface stra in r a tes was then calcula ted from these 
gridded d a ta a nd used to compute the field of surface deviato ri c stresses, using the fl ow 
law of ice, for rec tilinea r coo rdina tes, X , Y po inting eastwa rd a nd northwa rd , a nd 
curvilinear coordina tes, L , T pointing longitudinally and transverse ly to the ch a nging 
ice-flm"" direc tion. Ice-surface eleva tions a nd slopes were then used to calcul a te ice 
thi cknesses a nd the fraction of the ice velocity duc to basa l sliding. Our calcula ted ice 
thicknesses a re in fair agreem en t with an ice-thickn ess map based on seismic sounding 
and suppli ed to us by K. Echelmeye r. Ice thi ckn esses were subtrac ted from meas ured 
ice-surface eleva tions to map bed topography. Ou r calcula tion shows tha t basal sliding 
is signifi cant onl y in the 10- 15 km before J a kobsha" l1s Isbra: becomes a floa t in 
J akobshav ns I sGord . 

INTRODUCTION 

J akobshav ns Isbra: (69°10' N , 49°59' W) is the fas tes t 
known ice stream, moving m ore than 7 km a - I at it. 
calving front (Carbonnel a nd Ba uer, 1968). It forms a t 
the conflu ence of two icc streams, a short slow one from 
the north a nd a long fas t one from the eas t. Its las t 10 km 
becomes a floa t inJ akobshav ns IsGord on the west coast of 
Greenland (Fig. I ). Figure 1 a lso shows less concentra ted 
stream fl ow converging from th e southeas t. J a kobshavns 
Isbra: drains a bout 6.5% of the Greenland ice shee t 
(Bindschadle r, 1984). Our photogrammetri c survey was 
confined to the 10000 km 2 a rea of strongly converging 
flow in to J akobsha"ns l sb ra:, the area in Fig ure I . 

m elting increased considerabl y, with additional melt­
wa ter reaching the bed through crevasses and mo ulins. 
This enhanced lubrica tion increased the sliding velocity, 
which in turn accelerated crevasse form ation and iceberg 
di scharge, all in positi ve feed-back which we ca ll the 
J a kobsham s effect. 

Although its calving front retrea ted about 27 km from 
1850 to 1964, J a kobshavns Isbra: has been close to mass­
balance eq uilibrium since then (Pel to and o th ers, 1989). 
Rapid retrea t has been ascribed to clim a ti c warming a t 
the end of the " Little Ice Age" . At this tim e surface 

We think th at thi s effect may be migra ting northwa rd 
along the east a nd west coas ts of Greenland in respon e to 
the gencral Holocene cl imatic warming (Hughes , 1986). 
H owever, the detailed history of retrca t is controll ed by 
Gord topograp hy, especially sharp bends, bottlenecks and 
pinning points (Warren and Hulton , 1990 ). T he present 
surface morphology of J akobshavns l sbra: revea ls tha t it 
sna kes along a subglacial continu a tion of J akobshav ns 
IsGord tha t ex tends in to the Greenla nd ice shee t, displaying 
a ll of the above geographical constra ints on tream flo w 
(Echelmeyer and oth ers, 199 1). These constraints proba bly 
acco unt for th e ta bilization of the calving front a nd 
grounding line of the fl oa ting te rminus since 1964. 
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Fig. 1. Uncontrolled jJhoto mosaic map oJ the J akobslzavns IsbTtI! basin . Ice-elevation contours and map-grid tick marks are 
waljJed tofit the mosaic. Approximate scale on ice surface is 1 : 600000. Contour interval is l OOm. M ap coordinates in 
Figures 1 5 are UT NI zone 22 northing and easting ill kilometers. 

The high a bla tion rates on th e fl oa ting terminus and 
on ice converging on J akobsh avns Isbn-e produce surface 
meltwater which enters crevasses and moulins to either 
refreeze in ternally or lubricate the bed, thereby sustaining 
th e rapid fl ow (Echelm eye r a nd H a rri son , 1990; 
Echelmeyer a nd others, 1991 , 1992 ), as req uired [or the 
J akobshavns effect. 

PHOTOGRAMMETRY 

The Unive rsity of Maine carri ed out a projec t in 1985 
a nd 1986 to ob tain ice-surface elevations and summ er and 
annual velocities [or the J a kobsha\'ns Isbra:? basin by 
aeri al photogra mmetry and to produce orthopho to maps 
of th e area. The orth ophotos and elevation-contour 
overlays we re p roduced as 14 shee ts at I : 50 000 scale. 

In order to detec t any differences between summer 
and annu al velociti es, two ph o to missions, a year apart 
and each conducted twice in the same summer, id ea ll y a t 
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leas t 3 weeks apa rt, were specified . The measurements 
I year a part were designed to maximize the accuracy o[ 
velocity determin a tion for the slower ice converging on 
the m ain ice stream, whereas the two measurements in the 
sam e summer were d esigned to maximize the accuracy o[ 
the velocities for the much fas ter ice in J akobshav ns Isbrze 
itself. Photography a t a scale of I : 130000 yields ground 
r esolu tion and measuremen t precision of abou t 2 m . 
Posi tions and eleva tions were to be determi ned by 
a na lyti cal aeri al-block tri angula tio n [or each epoch . 
T a rge ted control points spaced two to three photo-base 
lengths apart a long the perimeter with two additional 
points in the interior of the block were planned . Their 
posi tions were to be determined by Doppler satell i te 
surveys. 

M ainly due to wea ther limita tions, the photo missions 
were actually flown 2 weeks apart in Ju ly in both 1985 
a nd 1986, which reduced the accuracy of the summ er 
velocity determina tions because p osition errors a re a 
la rge r fraction of the motion over this shortened time 
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interva l. The ac tual scale of th e photographs in both 
seasons was . omewhat sma ller than specifi ed, bu t this did 
not seriously affec t the precision of the measurements. 
NIore th an the minimum desired number of targets we re 
set out a nd usable in each season a nd , with one or two 
exceptions, the d esired precision of the ir ground posi tions 
was at tained . However, diffi culties with navigation , 
sa tellite-receiver malfunctions and loss of targe ts from 
w ind or buria l by b lowing snow resulted in less tha n 
optimal distribution of ground-control points and thus in 
som e degradation of the block-tri a ng ul atio n res ults. 

-0 un eq ui voca l fi g ures fo r acc uracy of position 
d ete rminations, and thus \'elocities, can be given because 
no check points are a\·a ilable. Standard de\' ia tions of 
grou nd coo rdinates from the ae ri a l triangu la tio n-block 
adjustment, which com e fi'om error propagation of photo 
a nd ground-control point residuals, a re given in Table 1. 
Standard d ev ia tions of motions ca lcula ted from the 
position errors of T ab le I and rela tive errors for the three 
representative extre mes of motion a re given in T a ble 2. 
Precision statistics a re often oved y op timistic, but it should 
a lso be noted th at a number of points in each epoch were 
discarded because they were adjudged to give unreason­
able mot ion resu lts. I t can be a rg ued that these were 
probably the most poorly determined points. Thus the 
statistics displayed in th e tables may not be an unreason­
a ble indicator of the acc uracy of the accep ted results. 

The number of accepted points for each epoch and th e 
number of commo n points for each velocity d etermin­
a ti on a rc summ a riz ed in T a bl e 3. Th e fo ur combinations 
for the "year" 1985 86 yielded 338, 395. 333 a nd 408 
acceptab le com m o n points . 

Table 1. Standard deviations oJ ground coordinates from 
aerial triangulation-block adjustment 

1985 1986 
Coordinate 10 J uly 24 Ju ly 7 Ju£), 23 July 

Easting (m) 2.03 1. 98 2.58 2.93 
~orthing (m ) 2.36 2.34 3.28 3 .83 
E le\'a tion (m) 2 .89 2.77 3.98 4. 12 
Pl a n position (m ) 3. 1 3. 1 4.2 4 .8 

Ta ble 2. Standard deviations oJ motions 

Summer 1985 

Alation S. D. 4.4 

Jlotion Error 

m % 

Slowest motion 7.7 57 
Slowest pa rts of 29 15 

ice stream 
Fastest motion 268 1.6 

Table 3. XlImber of accepted paints Jar each epoch and 
number oJ common jloints for each velocity detemlination 

Summer 1985 
Accepted _i cce/Jted T otal Accepted % 
10 J uly 24 Ju ly comm01/ comlllon aeee/lled 

838 865 772 716 93 

Slimmer 1986 
Accejlted Accepted Total A.rcepted % 
7 July 23 Jul]' common common accepted 

586 6 11 442 344 78 

vVithin the acc uracy of o ur measurem ents, we found 
no diffe rence between a nnu al a nd summer velocities, 
thereby confirming the measurements by E chelmeyer a nd 
H a rrison ( 1990). I n our furth er a na lysis of ice d ynamics 
presented here, however, we ha\'e used o nl y the points 
measured in 1985 beca use there a re more of them a nd 
their distribution i more representative both of region a l 
ice converging on th e main ice stream a nd ofJ akobshav l1s 
Isbne itself than is the ease for any oth er time interval. 

Fig ure 2 locates th e points measured o n 10July 1985 
and g ives th e eleva tion for each point. Figure 3 is the ice­
surface-elevat ion conto ur map based o n th ese points. 
Fig ure 4 shows velocity vecto rs ori g in a ting at the first 
positio n o f' the commo n po in ts fi"om which the veloci ty 
was determined. Fig ure 5 is the ice-surface-speed contour 
map based on these \·e locit ies. The g ridding a nd 
con to uring were performed with th e SURFACE II 
plotting package (Sampsoll , 1978). 

INTERPOLATION AND DERIVATIVES 

Using o ur pho togrammetricall y determ ined surlace-ice 
topograph y and veloci ty meas uremen ts, we have cale­
ulated surface stra in ra tes, surface st resses a nd bed 
topography for an area of abou t 100 km o n each sid e. 

The raw data a re irregu la rl y spaced due to their d e p­
enden ce o n identifiable na tu ral features . To faci li tate 
ana lys is, a regul a r grid wit h a 3 km spacing spanning a 

Summer 1986 f ear 1985 86 

6.4 5 .5 

il l otion Error ,Iiotion Error 

m % m % 

8.7 74 200 2.8 
33 19 750 0.7 

305 2. 1 7000 0.08 
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Fig. 2. Locations and elevations (m) of ice-surface points measured photogrammetrically for the Jakobslzavlls Isb1"te basin 
on 10 July 1985 photography. 

100 km by 100 km area surrounding the J akobshavns 
Isbne outlet glacier was d eveloped from the raw data 
using the SURFACE II plotting package. This spacing 
closely approximates the spacing of the observed natural 
fea tures but provides the data in an easier-to-manip ulate 
format. 

From these eleva tion data we can derive surface slopes 
based on two-dimensional bilinear interpolation. Trea t­
ing each quadrangle of g ridded-surface elevations, or 
nodes, as an element, we m ay interpolate any quantity 
specified at the four co rners by the following expression: 

Z(x, y) (1) 

where the ZjS are the values of the interpolated quantity 
a t each of the four nodes, and the WJ (x, y) s are bilinea r 
basis functions with the specified property that each be I 
a t one node and 0 at all the other nodes. I t is easy to see 
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that spa ti a l d eriva tives of nodal quantltJ es can be 
obtained from Equation ( I ) . Since only the WI (X,y)S 
depend on horizontal rectilinear axes x and y, we obtain 
the following expressions for the d eri vatives of n odal-point 
quantities: 

(2) 

az(X, y) = t ZJ aW J(x , y) . 
ay J= 1 ay (3) 

This treatment is not restricted to "square" quadrilaterals 
and can be used on any arbitrarily shaped elem ent. The 
magnitude of the surface gradient, Vh, is given by 

(4) 
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Fig. 3. lce-suiface-elevation contours derived from points in Figure 2 by gridding a/ 3 km intervals lIsing the S U RFA CE If 
plaiting jJackage. Contour interval is 20 m. 

where ah/EJx and ah/ay are obtained fi"om Equations (2) 
a nd (3) . Figure 6 shows a comour p lo t of this surface 
gradient obtained from the gridd ed data. 

STRAIN RATES AND STRESSES 

Using the interpolation machinery d escribed above we 
ca n d eri \'e strain ra tes fo r each elemem . To m a ke 
interpretation easier , we sha ll look a t the strain ra tes for 
each element a ligned longitudinall y (L ) a nd transverse ly 
(T ) with re. pect to the direc tion of now at the centroid of 
the element, rather that with respec t to the X and Y axes. 
To d o thi s we must first obtain the direction of now at the 
centroid. The velocities at each nod e a re decomposed into 
X and Y components, and using an expression simila r to 
Eq uation ( I) we can obtain velocity components at the 
cenlroid . These will represent the "average" or inter­
pola ted now for the element. The a ng le of the L axis 
relative to the X ax is is given by the fo llowing expression: 

e = tan- 1 (UYc ) . Uxc (5) 

Each of th e nodal-veloci ty value can then be transform ed 
to the " average" now direction by the followin g 
expressIOns: 

UL = Ux eos(8) + Uy sin (8) (6) 

UT = -Ux sin( 8 ) + Ul , eos( 8 ) . (7) 

Gradients of these Land T componenls of the velocities 
with respec t to X a nd Y can be o bta ined using 
interpolation expressIOns similar to Eq ua ti ons (2) a nd 
(3). 

(8) 
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Fig . 4. l ee-velocity vectors from point positions determined photogrammetl'ically on 10 and 24 July 1985 photography. 

(9) 

OUT = t UTi a'l1 J 

Ox 1= 1 Ox 
(10) 

(11) 

Finall y, gradients along the Land T direc tions can be ob­
tained with expressions analogous to Equa tions (6) and (7). 

oUr, aUL oUr, . 
aL = ox cos(G) + ay sm(G) (12) 

aUL oUr, aUL 
- = --sin(G) +-cos(G) 
aT ox ay 

(13) 

OUT OUT OUT 
aL = ox cos( G) + ay sin( G) (14) 
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(15) 

Surface strain rates with respect to these local now 
directions a re given as usual by the fo llowing expressions 
and are shown in Figure 7a- d: 

. aUT 
CTT = aT 

EZZ = -(ELL + ETT) 

(16) 

(17) 

(18) 

(19) 

where Eq uation (19) expresses conservation of ice 
volum e. 

The surface stress field can be calculated from the 
surface strain rates in Eq uations (16)-( \9) using the flow 
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Fig. 5. Ice-speed contollTS derived from velocity vectors in Figure 4 b)' gridding at 3km intervals using the SURFACE 11 
jJlotting package. Contollr interval is 50 m a-I . 

law o[ ice (Nye, 1952 ) written in terms of the effec tive 
creep ra te EC and the effective creep stress ac : 

(20) 

and in terms o[stra,in-rate components Eij and deviatoric­
stress component a i / 

. (" - 1j A" )' Cij = ac aij (21 ) 

where A is a tempera ture-d ependent ice-h a rdn ess para­
meter , n is a viseo-plas tic parameter, and ij is LL, TT or 
LT. 

Combining Equations (20) and (21 ) , and solving [or 

a;j = a ~L we have : 

AnELL A nELL AEa 
aLL = -a-(;-,-I- = (A Ec1/n)"-1 = -EC----;-(n----::l-:-)/~n . (22 ) 

By d efinition , with ETZ = E.ZL = 0 as a fr ee-surface 

boundary condition, we have: 

1 

EC = [!(ELL 2 + ETT2 + EZZ 2 + 2ELT2 + 2f~Z + 2EZL2)]' 

(23) 

where EZZ = -(E.LL + Err) [or conse rvation of vo lum e, 
and by definiti on: 

(24) 

(25) 
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750 
outline 

0.70 extension 

0.50 

0.30 725 
0.10 

0.05 
-0.05 

-0.10 700 
-0.30 ~ 

~ 
>- ~ 

675 

650 

625 
550 575 600 625 b 500 525 550 575 600 

X (KM) X (KM) 

750 
outline 

0.70 left lateral 

0.50 

0.30 725 
0.10 

0.05 

-0.05 

-0.10 700 
-0.30 ~ 

~ -0.50 right lateral ~ '" 
>- D 

675 

650 

625 

outline 

0.15 divergence 

0.05 

0.03 

·0.03 
-0.05 

-0.15 

-0.25 
-0,35 

-0.45 convergence 

.Pi' 

625 

outline 

0.50 thickening 

0.30 

0.10 

0.05 

-0.05 

-0.10 

-0.30 

-0.50 thinning 

0 

C 500 525 550 575 600 625 d 500 525 550 575 600 625 

168 

X (KM) X (KM) 

Fig. 7. a. Contou1"S oJ surface longitudinal strain rate ELL (a- i ) along ice flow. b. Contours of surface transverse strain 
rate ETT (a- i ) across ice flow. c. Contours oJ surface shear strain rate ELT (a-i) with respect to ice-jlow direction. d. 
Contours of surface vertical strain rate E zz = - (E LL + ETT) (a - 1) . 
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(26) 

An expression for Uc in terms of R LL and U'LL is obtained 
from Equations (20)-(22) for ij = LL: 

ucfi. 
Uc =-­

ucn- 1 

RLLE:LL 

E:LL/u~L 

(27) 

Surface stresses can now be expressed in terms of 
measured surface stra in ra tes using Equation (21) with 
ij being LL, TT a nd LT, and n = 3 for glac ial ice: 

A3E:LL 
u LL =---

uc2 

A3E:LL 

(AE:C1)2 

AE:LL 

1 

AE:LL J 

RLL~ 
(28) 

(29) 

(30) 

a nd A can be calcu lated from the m ean annual ice­
surface temperature (Glen, 1955 ). Stresses with respec t to 
the L a nd T direc tions ob\~ined from Equations (28)­
(30) are shown in Fig ure 8a- c. 

DERIVED BED TOPUGRAPHY 

vVith the ex tensive photogrammetri c measurements on 
J a kobshavn Isbra: a nd its catchment a rea, wc are a ble to 
trea t the measured su rface eleva tions a nd veloc ities as 
known quanti ties, a nd derive the ice thickness necessary 
to produce this Oow wiLhin the constraints ofa particula r 
value for the Oow constant, the sliding constant and the 
frac tion of the veloci ty which is cl ue to sliding. 

The column-averaged Oow velocity obtained from 
Eq ua tion (21) for the component of velocity due to 
inte rnal deformation of the ice is given by the following 
expressIOn: 
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Fig. 8. a. Contours of suiface longitudinal deviatoric stress 
u ~L ( bar) along ice flow. b. Contours of SU1Jace 
transverse deviatoric stress U~T ( bar) across ice flow. c. 
Contours of surface shear deviatoric stress U'LT ( bar) with 
resjJect to ice-flow direction. 
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u = _2_ [P91\7h l]"Jr'+1 
F n+2 A 

(31) 

where A is the column-averaged Oow consta nt for an ice 
column of thickness H a nd of surface height h above sea 
level, P is ice density and 9 is the accelera tion of gravity. 

The sliding law used h ere is a general relationship for 
beds at the melting point d eveloped by W eertman (1957 , 
1964) a nd given by th e foll owing expression: 

(32) 

where pa rameter B inel ud es bed roughness and m is a 
visco-plas tic parameter for sliding temperate basal ice. 
We use this sliding law because it applies to rough 
bedrock, not to a deformable till. The dcglacia ted area 
beyoncl the ice margin is nearly all exposed bedrock , with 
li ttle or no ti ll cover (see Fig . I ). 

The column-ave raged ice velocity for a combina tion 
of these two modes of motion is 

U=JUs+(l-f)UF (33) 

where J is the fraction of velocity due to sliding. What J 
does is red uce the vertical shear gradient in ice as basal 
sliding replaces internal shear in contributing to total ice 
velocity. Without J, column-averaged values of A and 
constant B in Equations (31 ) and (32 ) would have to be 
replaced with values of A a nd B that dep ended on what 
fraction of the bed a llows basal sliding. There is no 
physical reason for A and B to depend on this fraction , 
a lthough J itself most likely depends on the basal 
temperature, which is not calculated in this model. 
Others have attempted to calcul ate basal temperatures 
for fas t-flowing ice by explicitly ineluding hori zon ta l 
advection (Funk and others, 1993 ) , but accura te 
calculation of basal tempera tures wi ll probably require 
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a fu ll three-dimensional tempera ture solution. 
Combining Equations (3 1), (32 ) and (33 ), one obtains 

the following expression relating the measured ve locity 
fi elds a nd surface elevations to the unknown ice 
thicknesses: 

U = J [pg I; hi] 2 H2 + (1 _ J) ~ [pg l;hl] 3 H 4 (34) 

where the flow and sliding exponents, n and m h ave been 
replaced with their traditional values, 3 and 2, and A and 
B are taken to be 3.0 bar m a -1 and 0.03 ba r m a -~, 
respecti vely. This presents a fourth-d egree equa tion in 
H , the ice thickn ess, which can be solved by ordinary 
numeri cal methods. Strictl y speaking, both U and \7 h are 
themsel ves vector q uan ti ties, so tha t two eq ua ti ons 
relating the X and Y components of the velocity with 
th e X and Y surface gradients are available. \Ve have 
chosen to relate the magni tude of the veloci ty to the 
magnitude of the surface gradi ent to avoid ambiguities 
due to inaccuracies in the m easured data . \Vhen a 
thickness has been obtained , the bedrock eleva tion can be 
ob tained by simply subtracting the thickness from the 
measured surface elevation, (see Fig. 9). 

The accuracy of this calcula ted bedrock surface is 
dependent upon the acc uracy of the original meas ured 
surface-elevation and velocity d a ta, as well as upon the 
values ehosen for th e various constants, A, the fl ow-law 
parameter, B , the sliding-la w parameter , a nd J, the 
percentage of the ve locity due to sliding. Bahr and others 
(1992) have shown that sm all errors in measured surface 
strain rates a lone lead to la rge errors in calculated ice 
thi cknesses. Their prediction can be tested by comparing 
our calcula ted ice thicknesses with those measured by K. 
Echelmeyer (unpublished informa tion ). To understand 
the sensitivity of the calculated bed 's dependence on these 
inputs, we varied the data a nd parameters sys tematicall y 
and observed the change in the average thickness , from 
which the bed is directl y calculated. We observed that the 
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Fig. 9. Calculated bedrock-elevation contours ( 117) . 
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grea test vari ation in average thickness occurred for 
variation of the measured surface height, a d ec rease of 
14.8 m for each I % overes timate of the surface height. 
The nex t stronges t was the sliding consta nt, B , for which 
an increase of 8.9 m for each 1 % overestimate of the 
constant was observed. An overestimate of the measured 
velocity by I % res ulted in an increase in thickness of 
6.4 m . An overestimate of the flow constant by 1% 
resulted in an increase in thickn ess of 5.8 m . Leas t 
sensitive was the dependence of the thickness on the 
choice of the fraction of the ve locity due to sliding, which 
indicated a d ecrease in the surface elevation of onl y 4.2 m 
for each 1 % overestimate in the fraction. U nfortuna tcly 
thi s is the leas t well-constrained of the input parameters, 
a nd an overall va ri a tion for the entire range of allowed 
fractions (0 for no sliding, 1 for all sliding) is over 1600 m. 
These results a re summarized in Table 4. 

Table 4. Change in average thickness for 1 % overestimate 

NI easured data 
or parameter 

Elevation 
Sliding constan t 
V elocity 
Flow constant 
Frac tion 

Increase or decrease 
in thickness 

m 

- 14.8 
8.9 
6.4 
5.8 

- 4.2 

Ass uming an error in a ll es tima ted pa ra m eters and 
measured d a ta of 10%, the thickness would be in error by 
a bout 400 out of 1600m , or about 25%. It is clea r that 
this derived bed is an es timate of the underlying terra in , 

750 

725 

700 

675 

650 

and not a rigorous measurement. 
This bedrock surface is used as input to the map-plane 

finite-element model, from which a calculated surface is 
obtained. The finite-element model is a column-averaged 
continuity-equa tion solver described in detail elsewhere 
(F astook and Prcntice, 1994) . Briefl y this model solves a 
two-dimensional continuity eq uation 

. oh 
'V. O"(x, y) = a(x, y) - at (35) 

where 0" is the flu x through a point, a is the ne t mass 
balance at a point, and h is the ice-surface elevation . A 
difIerential eq ua tion is obtained b y expressing the flux as 

O"(x, y) = -k(x, y)'Vh(x, y) = UH (36) 

where U is the column-averaged velocity of Equ a tion (34) 
a nd H is the ice thickness . The no n-linear constant k(x, y) 
incorpora tes the physics of the flow and sliding laws into 
the problem, since its form d epends on the form of the 
fl ow and sliding laws. Different treatments of the flow and 
sliding processes change the form. of k(x, y) but d o not 
a fIect the method by which the problem is solved. The 
resu lting non-linea r differenti al equ a tion 

'V. (-k(x , y)\lh) = a(x, y) - ~~ (37) 

can be solved by an iterative Galerkin finite-elem ent 
fo rmulation (Becker and others, 1981 ). 

In this model the fraction of the ve locity due to sliding 
has been used as an adjusta ble parameter to obtain a 
good fit to the m easu red surface. This is d one in an 
ite rative fashion where the surface a t each nod e is 
compared with the measured surface, and a correc tion 
to the fitting parameter applied in such a way as to 
improve the fit. After approximately 1000 iterations the 
distribution-or-sliding fl-action shown in Fig ure 10 is 
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Fig. 10. Fraction of total ice veLocity due to basaL sliding. 
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obtained. No te the predomina nce of shee t flow ove r mos t 
of the region, with sliding-domina ted fl ow occurring just 
before the ice stream becomes afl oat. Minor branches of 
enhanced-sliding regions ex tend o ut a long the primary 
bra nch of the ice stream (fl ow from the east), although 
there is no evidence in the fitted fraction for the second ary 
bra nches of the ice stream (flow from the north and from 
the sou theas t) . 

One must certainly note tha t the procedure for 
es tima ting the bed topography itself uses the frac tion f 
a nd that this fraction is then fitted using the finite-element 
model. Attempts to i tera te this process were unsuccessful. 
Instead a small fraction (0.10) is used in the bed­
genera tion process, and the finite-element model can be 
considered to be a means of refining the detail in the 
spa ti a l distribution of sliding. 

Th e surface calcula ted from thi s sliding-fraction 
distribution is shown in Fig ure 11, and the agreement 
with the measured surface is quite good. Some of the finer 
d etails of the surface are los t in this calcula tion, bu t this is 
to be expected considering the limita tions of the column­
averaged model. 

In addition to calcula ting the surface, the m a p­
pla ne finite-elem ent model a lso provides velociti es, 
which are shown in Figure 12. In general there is quite 
good agreement with the gen era l pa ttern derived from 
m eas ured velocities seen in Figures 4 and 5. The three 
bra nches of the ice stream a re still evident , a lthough 
th e separa tion is not as cl ear. There are minor 
di screpa ncies north of the ice stream wher e the 
m easured wes t-to-eas t flow is n o t dupli cated in the 
calcula ted velocities, a nd the complex flow p a ttern 
m eas ured in th e south wes t qu adra nt is a lso not 
m a nifes t in the calcula ted velocities . 

This paper d emonstra tes the p ossibility of d eriving 
a n a pproxima tion of the bedrock topography under­
lying an area with sufficient rep ea ted photogrammetric 
coverage to obtain surface velocities and elevations . 
This technique can be used wh en radar fli ght-line 
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Fig. 12. Calculated surface velocity vectors ( ma I) Jor 
comparison with measured vectors in Figure 4. 

coverage is insuffi cient o r unavaila b le. vVhile the step s 
in this exercise are somewha t circular (we have used a 
column-averaged velocity to obta in the thickn ess, 
whi c h we then m od elecl with a column-average 
mod el) , we are provided with initia l conditions fo r 
further work on th e ca tchment a rea, which can include 
mod eling of the b eh avior of the grounding line in 
respon se to changing clima tic conditions. In a sense, 
wh a t we have done is " tune" our model, in a ma nner 
an a logous to the " tuning" tha t is done on glob a l 
circula tion moclels . Further tes ts of th e model 's 
beh a vior in the time d omain will help us to refine 
and va lidate these assumptions. 
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Fig. 11. Calculated swface-elevation contours, indicated by solid lines, and measured surface elevation contours, indicated by 
dashed lines . 
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