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ABSTRACT. Over 75 000 surface-velocity m easurements a re extrac ted from 
sequenti a l sa tellite image ry of Ice Streams D and E to reveal a compl ex pa ttern of 
fl ow not appa rent from previous m ea urements. H o ri zontal and verti cal strain ra tes, 
calcula ted from surface velocity, indica te th at th e bed experi ences la rger basal shear 
where the surface of these ice streams i rougher. T en a irborne-rad a r profiles and one 
surface-based rad a r profil e of ice thi ckn ess make pos ible the calcul a tion of mass 
ba la nce for longi tudin al secti ons of each ice strea m. I mprO\'ed data-co ll ec tion method s 
inc rease da ta density, substanti a ll y reducing rando m errors in ve locity. However, 
sys tema ti c errors continue to limit th e a bility of the flux-differencing technique used 
here to resok e local vari a ti ons in mass balance. Nevertheless, significant loca l 
va ri a ti ons in mass bala nce are revealed , while, ove ra ll , l ee Streams D a nd E a re in 
a pproximate equilibrium . An earlier es timate of the ne t mass ba lance fo r Ice Stream D 
is i m p roved . 

INTRODUCTION 

T ce streams a re c ri ti cal elemen ts of th e dynamics of th e 
' '\les t Anta rctic ice shee t. They a re important because 
they a re la rge, they move rapidly a nd th ey dra in most of 
the snow tha t accumula tes ove r thi s ice shee t. Their spced 
a nd thi ckne. d ete rmine th e ra te a t which this ice shee t 
releases its mass to th e ocea n. Th eir size a nd th e 
preva lence of numero us crevasse fi elds ac ross th eir 
surface (a by-produ ct of their speed ) ma ke th em difIicult 
to stud y by trad i ti ona l su rface -based techniq ues . H ow­
ever , these sam e cha rac teristics ma ke them we ll sui ted to 
stud y by remote-sensing method s. 

studi ed. This was illustra ted by M acA yea l and o thers 
(1995 ) , who calculated the pa ttern of basal shear stress on 
lee Stream E and showed th a t it also ex hibits high spa ti a l 
variabili ty . Similarl y, ice thi ckn ess and accumula ti on ra te 
exhibit high spati al vari a bility and a re no t adequ a tely 
represe nted with spa rse data. 

Using surface-fea ture trac king on seq uenti al im age ry, 
Bindschadler a nd Scambos (199 1) showed th a t th e 
surface \'eloci ty of Ice Stream E exh i bi ted consid e ra ble 
spa ti a l vari a tion - even in the middl e of the ice stream , 
well away from th e shea ring ma rgins. Thus, calculatio ns 
of mass flu x th a t use spa rse velocity d a ta a re susceptibl e to 
la rge errors. A d ense velocit ), da ta se t a lso opens up a new 
ave nue by whi ch th e d ynamics of ice streams can be 

Th e lack of adequ a te high-resolution spa ti a l cove rage 
has ha mpered earli er studies of Wes t Anta rcti c ice-shee t 
mass ba la nce. Ice Stream B is a case where detailed 
measurements of velocity, thi ckn ess and acc umulatio n 
ra te were co ll ected a nd an a lyzed to reveal not onl y a 
strong nega ti\'e mass ba la nce but a complex pa ttern of 
local m ass balances a lo ng th e ice stream (Shabta ie and 
others, 1988; \\'hilla ns a nd Bindschadle r , 1988). Com­
plex ity on an e\'en fin er sca le was appa rent when more 
deta il ed d a ta se ts of th e ice-stream mou th were ana lyzed 
(Bindschadler and o th e rs, 1993). 

Thi s pa per focuses on I ce Streams D and E, two of th e 
major ice streams feeding the Ross Ice Shelf (Fig. 1) . 
Surface velociti es ove r m os t of each ice stream a re 
measured with unpreced ented deta il for such a la rge 
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Fig . 1. Tillage mosaic oJ Ice Streams D and E using len Landsal T ll scenes. See Figure 2[or localioll oJ litis region . 

a rea. The pa ttern of surface \'e locity, interpreted in 
combin a tion \\-ith the im age ry showing surface undula­
tions a nd numerous profil es of ice thi ckness measured by 
ice-pene trating radar, pro \·ides uniq ue insights in to th e 
dynamic cha rac teristics of these ice strea ms. Discha rge 
Ouxes across a number of ice-strea m-wide transec ts 
(term ed "ga tes" in this pa per), including the discha rge 
across the g rounding lines, a re calcula ted . These Ou xes 
are used to determine the prese nt pa ttern of nl.ass ba lance 
on Ice Streams D and E , and substa nti a lly revise a 
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previous es tim a te of l ee Stream D's di scha rge a nd mass 
balance ,Sha bta ie and Bentley, 1987 ). 

DATA 

A \'a ri ety of m e th ods was used to coll ec t th e d a ta used ill 
thi s paper. Six teen Landsa t Thema ti c t1Iapper (T;"I ) 
images were used to determine surface \'eloci ti es. These 
same images h a \'e been used prev iously to m a p a vari ety 
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of surface fea tures o f the ice streams a nd their catchm ent 
basins (Scambos and Bindschadler, 1991 ) . Nlany of th ese 
sa me images we re a lso used in the producti on of im age 
ma ps (Ferrigno a nd o thers, 1994) . I ce thickn ess was 
measured by an airborne ice-penetra ting radar a long te n 
tra nsects and , near the g rounding lin e, using a surface­
based rad a r. Detailed surface-eleva ti o n, gra\·ity a nd 
magnetic profil es were also measured from the aircra ft 
but a re not discussed h ere. Finall y, surface-accumula ti on 
measurements were m a d e by analyz ing ten 20 m d eep 
cores drill ed from th e surface . Eac h d a ta se t is desc ri bed 
in more detail below . 

Surface velocity 
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\ 

\ , .... 
8 .... 

.... .. ' 

Fig. 2. L ocatioll oJ T Al! image pairs llsed ill veLoril)' 
determination. Image ID numbers, acquisition dates and 
time interval between each image pair are listed il1 T able 1. 

The me thod described by Scambos a nd o thers (1992 ) was 
used to d eri ve surface velociti es from th e sequenti a l, high­
reso luti on sa tellite imagery of the ice streams. BrieOy, 
each im age is split into long-wave le ng th and sho rt­
waveleng th images using digita l filte rs. In each case, a 
filter cut-off wave leng th of a pprox ima te ly I km was used. 
The long-wa\'eleng th im ages are then used to co-register 
each im age pa ir. U sing this co-registra tion , the sh o rt­
wave leng th images a re used to track th e motion of sm a ll , 
sha rp fea tures by c ross-co rrela ting th eir brightn ess 
pa tterns in each image (Scambos a nd others, 1992 ) . 
Genera lly, we used a 16 pixel x 16 pixel area (roug hl y 
450 m on a side, g iven th e 28 .5 m dim ension of a TNI 
pixel) o r a 32 pixe l x 32 pixe l a rea to defin e th e 
brightness pa ttern of an y fea ture. Th e a utoma ted cross ­
corre la ti on scheme d e termin es th e di spl ace ment o f' 
fea tures to sub-pixe l reso lution as well as an index of 
the displacement un certa inty. 

Fig ure 2 shows th e loca ti on o[ th e im age pairs a nd 

T a ble I pro \·id es inform a ti o n on eac h image (ID 
number , p a th /row index numbers and d a te ), as " 'ell as 
the tim e sep a ra ti on for each image pa ir. i\'fos t of each ice 

T able I. Landsat T AIl image pairs used Jar velocity detemzinatiolls 

Area Scene ID Path /Row A (quisition Time .\ D. oJ Coreg . Co reg. Random Random 
date interval vectors error error error error 

yea rs pi xels m a I pixels I m a 

5 10501 4074 233 / 11 9 15 J an 1987 4.906 353 7 2.23 12.95 0.49 2.85 
52842 14 12 3 233/1 19 12 Dec 199 1 

2 503291 3355 226/12 1 24 J an 1985 6 .880 1522 3.97 16 .45 0.52 2.1 5 
52842 14 125 233/120 12 Dec 199 1 

3 5 105 11 45 10 007 /1 19 16 J an 1987 1.906 2348 2 1. 04 15 .55 0.46 6.88 
4·234 11 5030 00 7/1 19 12 Dec 1988 

4 51052 15333 01 4/ 117 17J an 1987 5. 038 8267 3.68 20 .82 0.54 3.05 
52892 15380 01 4/1 17 3 1 J an 1992 

5 5 1052 15335 01 4/1 18 17 J an 198 7 5 .038 20 9 16 2.85 16 .1 2 0.47 2.66 
52892 15383 0 14/ 11 8 31 J an 1992 

6 5 10501 5464 01 6/1 19 15 J an 1987 3.058 9554 "-'2.0 18 .64 0. 34 3.1 7 
4276 11 6 17 2 01 9/1 18 5 Feb 1990 

7 42406 15472 01 4/1 19 15 Feb 1989 0. 972 2273 "-'2 .0 58 .64 0.47 13.78 
4276 11 6 172 01 9/1 18 5 Feb 1990 

8 510501 5464 01 6/ 11 9 15 J an 198 7 2.086 583 1 "-'2 .0 27 .33 0.28 3.83 
424061 547 2 01 4/ 11 9 15 Feb 1989 
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stream is covered by image pairs sha ring the same path / 
row (a reas 1,3,4 and 5 in Figure 2). One small a rea on 
I ce Stream D (area 2) and most of the Ross Ice Shelf 
region (areas 6, 7 and 8) required a rotation of one 
image 's axes to align its local coordin ate sys tem with a n 
overlapping image. Cubic convolution resampling was 
applied to rotated images. Velocity comparisons in 
overlap regions, where one image pair included rotation 
and one did not, indicated that velocity accuracy was 
not deg raded by image rotation. 

Computer-memory limitations forced sub-sampling of 
fu ll-resolution , low-pass filtered images prior to co­
registration. This led to larger co-registration errors than 
would have been achieved with more computer memory. 
T ypical co-registration errors were a few pixels (see Table 
I ) . Because this error is constant for any image pair, it is 
trea ted as a systematic error within that image pair. Each 
cross-correlation match has an additional random error, 
typically about ±0. 5 pixel (roughly 14m) (see Table I ) . 
Velocity errors scale as the inverse of the time separa tion. 
Time separation varied for different image pairs from 
slightly less than I year to more than 6 years. T able I 
includ es both the systematic and random errors of each 
image pair. 

V elocity points were sought on a regul ar grid with a 
spacing of 20 pixels (about 570 m), with more detail 
a ttempted in a few smaller areas . Autom ati c selec tion 
cri teria were includ ed in the feature-ma tching process to 
remove erroneous matches. Each ma tch was also 
reviewed visually on a com puter monitor. Matches that 
were not consisten t wi th th e loca l flow fi eld were 
removed. Figu re 3 shows the spa tial distribution of the 
final d ata set consi sting of over 75000 velocity matches. 

Fig. 3. Positions oJ 75382 velocity data points determined 
by cross-correlation technique and positions and names of 
airborne transects. 
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Slowly moving areas had either no fea tures to track (the 
center ofIce Stream D and parts of th e Ross I ce Sh elf are 
exa mples ) or produ ced velociti es with m agnilud es 
comparab le to the uncertainties (the ridges be tween the 
ice streams a re exampl es ). F ea tures in th e ma rgins of Ice 
Stream E experienced so m uch shear during the 5 yea r 
interval between images (a reas 4 and 5) th at di storted 
fea tures co uld not be correlated between images. U nrel­
iable data were deleted during a manual quality check of 
the data set. R emaining data were gridded to a regular 
grid with a spacing of 500 m using minim al smoothing. A 
mask was then applied to eliminate gridding artifacts in 
the non-ice-stream areas and the non-mapped margins of 
Ice Stream E. Figure 4 shows the res ulting field of surface­
velocity magnitude (speed ) . 

Errors in di sp lacement returned by th e fea ture­
tracking progra m were compared with a residual 
method by which the deviation of each velocity value 
from its local neighborhood is used as a more traditional 
measure of velocity error using a root-sum-squared 
algorithm (Whillans and T seng, 1995) . Comparisons 
mad e be tween the respective errors in the speed 
componen t showed no spatial coherence to the differ­
ences, but the residual m easure of error was uniforml y 
high er than the errors in Table I by about 12 % . This is 
acceptable agreement to justify using the errors in T able 
I as . tandard deviations of velocity for th e subseq uent 
calcula tions of this paper. 

Ice thickness 

Ice thickness was measured primarily by a irborne ice­
penetrating radar. A surface-based profile, completed near 
the gro unding line, provid ed important additi onal 
information to help assess the airborne data . The 
60 MHz airborn e radar stacked 2048 returns every 0.33 s 
(Blankenship and others, 1994). After processing, ice­
thickness values were sp aced eve ry 30 m a long ten 
transects of the ice stream s (see Figure 3 for transec t 
loca tions ). The positions of the transects were chosen prior 
to the velocity determinations based on our assessment of 
where veloci ty data would probab ly be obtain able. 

Precision of the radar ice-thi ckness m easurement is 
es timated at one wave length or ± 5 m. R elative 
elevation precision reli ed on fl ying a co nsta nt-press ure 
surface and is estimated at ± 10 m. Using GPS CA-code 
differential pseudo-range d ata, absolute positions of the 
aircraft are accurate to ± 100 m. For thi ckness gradients 
of 10-2

, somewha t higher than average for these ice 
strea ms, this positional uncertainty co rresponds to an 
uncertainty of ± I m in ice thickness. Thus, the total 
random uncertainty in ice thickness is probabl y less than 
±5 .1m. 

Two checks on the rad a r-data accuracy are possible. 
The first is based on the two parallel transec ts Oown 
across the mouths of Ice Streams D and E. The line 
separa tion was maintained a t roughly 0.5 km and the 
mean difference in ice thicknesses was 0.6 ± 1.9m. The 
thickness gradient in this area is approximately 10 3 

averaged over many kilometers. Thus, th e precision 
appears to be well within the estimates stated above. 
The second check compares the same airborne profil es 
with a 75 km long profile of ice thickness made using a 
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Fig. 4. Color-coded velocil:J' magnitude (sjJeed) superimposed on image mosaic. Tmnsects are shown in black. White crosses 
show jJositiolls of stations discussed in text. 

surface-based impulse radio-echo-sounding sys tem Ua­
cobel a nd Bindschadler , 1993 ). Comparing the travel 
times of the g round -based sys tem with the average of the 
two a irborne sys tems, the rms. difference was 4 .2 ± 3.3 m 
ice thickness . This is within the uncertainty sta ted above 
for a region of low ice- thi ckn ess grad ient. 

The la rges t contributor to th e sys temati c component 
of ice-thickn ess uncertainty is the radar wave speed in ice. 
Two-way velocity values ranging from 170 to 178 .5 m 
p,s 1 have been reported , based on measurem ents made 
throughou t th e R oss I ce Sh elf (R obertson and Bentl ey, 
1984) . J aco bel performed a cons tant midpoint profi le 
experiment at the mouth of Ice Stream D a nd obtained a 

two-way wave speed of 175 ± I m p,s 1 Oacobel and 
Bindsc had ler, 1993) . We use this va lue but asslgn a 
systema ti c erro r o f ± 10 m for ice thi ckn ess. 

AcculIlulation 

In recent yea rs, 29 shallow rirn co res have been collected 
within the catchm ent areas of I ce Streams D and E, 
includ ing on th e ice streams th emselves. ]\IIost of th ese 
co res have ye t to be ana lyzed (o r ,B-part icle ac tivity so 
accumu la ti on-rate data remain sparse for the present . 
Addi tional va lues of accumulation ra te were measured 
from co res of th e R oss Ice Shelf, as well as d a ta coll ected 
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in snow pits by traversing fields parties during .the 
Interna tional G eophysical Year, 195 7- 58 (Thomas and 
oth ers, 1984). The data exhibit a la rge spatial vari a tion 
with a mean of 0.11 kg m-2 a I. This mean value is used 
unifo rml y in the foll owin g a nal ys is with a la rge 
uncertainty of ± 0.05 kg m 2 a I to account for expec ted 
spa ti a l varia tions. 

I t is shown la ter that the errors in mass balan ce for 
ec ti ons of I ce Streams D a nd E are not strongly 

influ enced by even thi s libera l un certainty in th e 
accumula tion rate. This contras ts with mass-bala nce 
calcula tions over large regions, such as entire ice-stream 
drainage basins, where accumula tion-rate uncertainty 
can dominate the overall error budget (Whi llans a nd 
Bindschadler, 1988) . Equation (2), presented later, shows 
that th e error contribution of accumulation rate scales 
with the surface area of the region considered , while lhe 
errors in the discharge flux es do not. 

VELOCITY FIELD 

The velocities mapped by image-based feature tracking 
shown in Figure 4 do not ex tend far enough upstream to 
includ e the area of initial ice-stream formation . The 
mos t inland part ofI ce Stream D tha t contains trackable 
moving fea tures is already moving at a speed of 
a pproximately 130 m a- I. Byrd Sta tion, moving at only 
13 m a- I, li es approximately 160 km farth er upstream 
(Whilla ns and Johnson, 1983). D espite this gap in the 
incipient ice-stream velocity fi eld , trackable surface 
features defin e an initial, well-defined, single tribu ta ry 
of Ice Stream D. Initially 10 km across, this tributary 
widens slightly afte r being joined by ice from the north 
(50 km upstream of gate D5) . This single tributa ry 
ex tends 150 km before sq ueezing through a na rrow 
10 km wide stricture (between gates D4 and D5 ), where 
it accelera tes to over 400 m a- I. I ce to either side of this 
main "jet" accelera tes (upstream of gate D4), forming a 
70 km wide ice stream by gate D 3. The faster central 
fl ow develops a relatively fea tureless surface, while 
lower, adj acent ice ex hibits a rough, undulated 

surface. As gate D2 is passed , tra nsverse velocity 
g radi ents near the margins intensify, indicating increas­
ing la teral shear. As gate D I is a pproached , a radical 
la teral flow asymmetry develops: ice decelerates on one 
side (the north ) , while ice on the other side (the south ) 
accelera tes . This asymm etry is accompanied b y a 
gradua l turning of the ice away from the usual center­
lin e pa rallel dir'ec tion towa rd the region of faster ice, 
where the speed reaches a ma ximum of nearly 700 m a I. 
Although flow direction is not shown in Figure 4, it can 
be discerned from the elongated image features . Again , 
th e fas t ice exhibits little surface re li ef while the slow side 
of the ice stream has a rough surface. (The basal 
conditions of this a rea will be discussed la ter. ) The high 
speeds in this region are not maintained much beyond 
ga te D I. After Ice Streams D a nd E join, the stream 
spreads la terally, with strongly elonga ted features, until 
the grounding line is reached (upstream of gate DDE), a 
dista nce of less than 100 km . The grounding line can be 
de tected by noting the downstream limit of surface 
und ula tions as confirmed by J acobel and others ( 1994). 
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I ce Stream E is fed by a series of adjacent tributa ries 
(upstream of ga te E3) spread over a wider region than I ce 
Stream D. These tributa ri es coalesce over a shorter 
longitudin al distance than on Ice Stream D and form a 
wider trunk flow (75 km a t gate E2 ), compared to the 
na rrow, 10 km wid e " j e t" upstream of gate D4. Flow 
speeds above 400 m a- I begin downstream of gate E3. 
Similar to Ice Stream D , ice moving faster than 400 m a I 
tends to be associated wi th smoother surface topography 
than a reas of slower ice. Just downstream of gate El , near 
the mouth of Ice Stream E , a transverse-flow asymmetry 
is seen tha t is simil ar, but less intense, to that across ga te 
D I. Maximum speeds d o not exceed 550 m a- I, but the 
rougher surface is clearly associa ted with the slower ice. 
The two slow regions at the Ice Streams DIE confluence 
may bear some connec tion to the presence, or even 
form a tion, of the nearly stagnant ridge between the ice 
streams. Downstream from these two slow-flowing, rough­
surface regions at the Ice Streams DIE confluence, a broad , 
very smooth area is evident. This region probably contains 
thinner ice than upstream, making it likely that it is a 
confined ice shelf or, as Bamber and Bentley (1994) have 
sugges ted , an ice plain, i.e. a region of lightl y grounded ice. 

On the ice shelf, enough features can be tracked that 
th e general pattern of velocity is discerned. The fas ter­
moving parts of both ice streams join to maintain speed s 
of over 400 m a I on th e ice shelf. Downstream of sta ti on 
M3, num erous ice rises a nd ice rumples retard the fl ow 
there, forcing the major discharge to pass between these 
features and Siple Dome. The imagery of the slower­
moving region, including sta tion M2, north of these ice 
rises and rumples sugges ts th a t it also may be an ice plain. 
The shearing south margin of the ice shelf, close to Siple 
Dome, contains parallel se ts of crevasses: These crevasse 
bands are well offset from the grounding line of Siple 
Dome, forming a la rge, nearly stagnant embayment, 
including sta tion K4. 

The only independ ent measurements of ice velocity 
for comparison with the velociti es of Figure 4 occur on 
the ice shelf. T able 2 presents a time series of the 
available velocity m eas urements. Field work a t sites K 3 
and M3 during the R oss Ice Shelf Glaciological a nd 
Geophysical Survey (RIGGS) in the mid-1970s mea­
sured ice motion using the TRANSIT satellite-naviga­
tion sys tem (Thomas and others, 1984) . Site DDE was 
measured in 1991 and 1993 using a combination of the 
TRANSIT sys tem and the Global Positioning Sys tem 
(G PS ) , providing a va lida ting measurement nearly 
contemporaneous with th e TM imagery. The avail a bil­
ity of a n earl y Landsat Multi-Spec tral Scanner (MSS ) 
image greatly extends the time span of the image ry for 
velocity mapping. The MSS image, acquired in 1973, 
has lower resolution than TM (pixels 79 m on a side 
versus 28.5 m for TM); however, the longer time spa n 
between the image pa ir used (16.24 years) results in a 
rela tively low velocity uncertainty. The good agreem ent 
of th e velocity measurem ents supports the validity of the 
image-based technique. The time series shows no clear 
eviden ce of velocity cha nge in the mouths of Ice Streams 
D a nd E , as was discovered in the mouth of Ice Stream B 
(Stephenson and Bindschadler, 1988); however, due to 
the size of the uncerta inties, modes t changes canno t be 
ruled out. 
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T able 2. Comparison of swjace velocilies on Ross Ice Shelf delermined by various methods. /l.a. = JVot avaiLable 

Time interval DDE M3 K3 

RIGGS 1974-76 n. a. 414 ± 15 ma - I 436±15ma- 1 

MSS· -TM 1973- 90 467 ± 15 m a 435 ± 15 ma - I 4 17±1 5ma- 1 

TM-TM (area 8) 198 7- 89 n. a. n. a. 417 ± 35 m a - I 

TM-TM (area 6) 1987- 90 n.a . n. a. 422 ± 25 ma I 

TM-TM (a rea 7) 1989- 90 428 ± 60m a 401 ± 60 m a - I 443 ± 60 ma I 
TRANSIT-GPS 199 1- 93 469 ± 2 m a I n.a . n.a. 
G PS-GPS 1993 ( 14d ) 47 1 ± 15 ma I 395 ± 15ma I 436 ± 15 ma- I 

• MSS image 147215300, path II /row 11 9, acquired 7 November 1973. 

STRAIN RATES 

An additional level of analysis of th e velocity fi eld is the 
d etermin a tion a nd interpretatio n o f the train-ra te tensor. 
This involved a number of steps. vVithin each of the eight 
areas (see Fig. 2) , the image-axis components, Dx and Dy , 

of the displacements determined by the cross-correlation 
match ing algorithm at each grid point were conve rted to 
longitudin al, tra nsverse and shear-stra in rates (relative to 
th e loca l fl ow direc tion ), as d escribed in the Appendix. 
These data se ts were then spatia lly smoothed and gridded 
to a regular 5 km spacing. To ma p the data se ts from each 
of the eigh t a reas in a single mosaic, each was rotated to a 
common coordina te sys tem [ollowed by a second sp a tia l 
smoothing and interpolation to a 5 km grid aligned with 
th e common mosaic coordina te ys tem. T o produce a 
visua l di spl ay of th e surface-horizontal strain rates, each 
compon ent was bilinearly interpola ted to a spac ing of 
171 m (six TM pixels). Th ese stra in-ra te images are 
shown in Figures 5, 6 and 7 with identi ca l co lor scales. 

Th e choi ce of 5 km [or the g rid scale was a com promise 
between enh a ncing the signal- to-noi se ra tio a nd prese r­
ving the significant spa ti al fea tures of each stra in-ra te 
component. Beca use th e strain-ra te ca lculations utilized a 
centered difference formulation , and the ice stream s a re 
a lmo t I km thi ck, this grid spacing ave rages stra in ra tes 
over approx im ately ten ice thi ckn esse , a la rge enough 
distance to remove most of the sm aller-scale d yna mic 
effec ts. 

Each velocity data point has uncertainti es of the 
displacements d etermined by the cross-co rrela tion m eth­
od . Calcul a ti on of the error of each strain-ra te com ponent 
a t each da ta point was accomp li shed by a straightforward 
error propaga tion through each strain-ra te equation . 
The e errors were treated in a ma nner similar to the strain 
ra tes themselves, including produc tion of an image of each 
to evalua te both their magnitude a nd their spatia l pattern. 
Figure 8 shows th e error in longitudina l stra in rate. It is 
lowest on Ice Stream E, highes t on the ice shelf and 
intermed iate on I ce Stream D. This spatial signa ture is 
primaril y due to th e respective errors in veloc ity wh ich are, 
in turn , a res ult of the time separation of the image pairs 
(see Table I). The patterns for the o ther strain-rate errors 
(not hown) a re similar, with the magnitudes of long­
itudina l and tra nsyerse strain-ra te errors slightl y higher 
tha n shear strain-ra te error. The mean errors [or longit­
udina l, transverse a nd shear strain rates are 2.1 x 10 3

, 

2. 1 X 10- 3 and 1.5 x 10 3 a- l, respec tively. 
The mean value of lo ngitud inal stra in rate (see Fig. 5 ) 

is I X 10- 3 a- I, consistent with the overall accelera tion of 
abo u t 400 m a lover a 400 km dista nce along th e ice 
st ream s. The di stribution of va lu es has a standard 
deviat io n of 3 x 10- 3 a I and Figu re 5 shows a large 
degree of spatial coherence that is ea il y interpretable in 
terms of the kinematics o[ the ice streams. Zones of 
ex trem e tension a re located in acce le ration zones where 
ice is drawn into th e ice stream eithe r from th e side (see 
th e so u th margin of I ce Stream D) or from slow-moving 
areas be tween tributaries (see the upst ream a reas of I ce 
Stream E ). The slow-moving region to the north of the 
confluence point of I ce Streams D a nd E is marked b y a 
ma tc hed pair of upstrea m compress io n a nd downstream 
tensio n. On Ice Stream D, the predominan t signa ture in 

Fig. 5. Longitudinal strain rale ( color) calculated from 
veLoci(}1 data as described ill le.xt. SpatiaL distribution oJ 
erroTS is shown in Figure 8. 
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Fig. 6. Transverse strain rate (color) calculated from 
velocily data as described in text . Spatial distribution of 
errors is velY similar to that shown in Figure 8. 

thi s confl uence regIO n IS a n upstream accelera tion / 
downstrea m compress ion doublet ti ed to the rapid 
velocity cha nges that occur in the so uthern h alf of the 
ice stream. On the ice shelf, the compression upstream of 
the ice-rise/ice-rumple area is th e onl y significant feature 
which stands out above th e hig her errors in this area (see 
Fig. 8). A final feature worth noting is the longitudinal 
compression seen on both edges of th e 10 km wide 
stri cture through whi ch the narrow I ce Stream D 
tributary fl ows before being joined by other tributaries . 

Transverse strain ra tes, shown in Figure 6, have a 
mean of onl y - 0.3 x 10- 3 a- I but a standard d evia tion of 
3 x 10-3 a- I (identical to longitudinal strain rate). Lateral 
compress ion occurs in most con fluence areas (see the 
upper parts of I ce Stream E a nd the region on I ce Stream 
D where adjacent ice joins the single jet) . In th e region 
near the con flu ence of Ice Streams D and E , Ice Stream 
D experi ences compression upstream of the region of 
maximum speed , where ice conve rges into this faster area. 
On Ice Stream E, in the slow area adjacent to the 
confluence, ex tension is evident upstream, foll owed by 
compression downstream . On the ice shelf, the long­
itudinal compression associated with the ice rises is also 
the site of transverse ex tension as ice diverges around 
these slower-moving areas. In general, transverse strain 
ra te tends to be the inverse of longitudinal strain ra te. 
Two very interesting exceptions to this rela tionship are 
the two obliqu ely striking regions of transverse compres­
sion found near the mid-section of Ice Stream E. These 
are discussed more fu ll y below in terms of the vertical 
stra in rate . 

Sh ear-strain-ra te magni tude , shown in Figure 7, 
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Fig. 7. Shear strain-rate magnitude (color) calculated 
from velocity data as described in text. SjJatial distribution 
of errors is velY similar to that shown in Figure 8. 

clea rl y illustrates the shear margins of Ice Stream D and 
the south margin of the Ross I ce Shelf. Velocities in the 
margins ofI ce Stream E could not be tracked, as discussed 

[ 0007 

0.0 

Fig. 8. Error (one-(J) in longitudinal strain rate (color). 
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ea rli er, a nd fa ll outside th e region presented in the e 
fig ures , but high shear a t th e sides of som e of th e 
tributa ri es is still appa rent. Th ere is a lso pro minent shea r 
associa ted with the two a reas o f slow-moving ice a t the Ice 
Streams DIE conOuence. Even without the inc lusion of Ice 
Stream E 's m a rgins, the mean value is 3 .1 x 10- 3 a ' and 
the distribution has a sta ncl a rcl devia ti on of 3. 7 x 10 3 a ' . 

The com ponents of pri ncipal strain ra tes a nd th e 
ro ta ti on ra te have a lso been calcula ted but a re no t shown. 
'I'Ve have confirmed tha t so urce regions of cre\'asses 
identifi a ble on the image ry occur where the tensil e stress 
is la rges t a nd tha t the orien ta ti o ns of th ese new cre\'asses 
agree reason a bl y well wi th o ri e n ta tions of th e m os t tensil e 

princi pal stra in ra te. 
Surface stra in ra tes can a lso be used to calcul a te 

ve rti ca l stra in ra te by a pplying th e continui ty condi tion: 

(1) 

While this is stri c tl y the verti cal stra in rate a t th e su rface, 
i t is reasonab le to ass ume tha t thi s is a good a pproxim­
a tio n to th e depth-a \'e raged ve rti cal stra in ra te due to the 
low verti ca l vari atio n of velocity in ice streams (unpub­
lish ed borehole res ults of B. K a mb a nd H. Engelh ardt). 
Fig ure 9 shows thi s stra in-rate com ponen t. I t is printed at 
a la rger sca le to assist in identifying corre la ti ons b etween 

Fig. 9. Color-coded vertical strain rate sll/JerimjJosed all image mosaic . SjJatiaf distribution of errors is velY similar to tfzat 
shown in Figure 8. 
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the vertical strain rate and surface topography. The mean 
value is -0.8 x 10 3 a- I, representing the overall thinning 
of the ice as it flows seaward. 

Areas of positi ve vertical strain rate are thickening 
and correlate ex tremely well wi th those areas where 
rougher surface topography is a pparent in the image. 
MacAyeal and others (1995) found that on I ce Stream 
E the regions of greater surface relief also corresponded 
to regions of large basal stress. From Figure 9, a typical 
rate of verti cal extension in these areas is 4 x 10- 3 a- I. At 
speeds of 500 m a- I and an ice thickness of 1000 m, this 
corresponds to a thi ckness gradi ent of only 8 x 10- 3

. 

Over a 5 km distance, the total thickening amounts to 

40 m. This is approximately the same reli ef scale of the 
undulations in the rough areas estimated from brightness 
variations of the imagery (Bindschadler and Vornberger, 
1994). Thus, basal relief is not req uired to explain the 
surface relief. 

If bed relief is present in these a reas , there are va rious 
models of how it would be related to surface relief. The 
rigid-column mod el, where the surface topography 
exactly matches the bed topography, clearly does not 
apply, because vertical strain rates are identically zero in 
this model and the data indicate non-zero vertical strain 
rates. Plane-strain models (zero transverse strain ) require 
that undulations in surface topogra phy occur one-q uarter 
wavelength upstream from th e corresponding bed 
und ulations (Budd , 1970). In this cla s of models, 
positive verti cal strain occurs primarily in the trough of 
the surface undul a tions, with the location of th e 
maximum positive vertical strain rate dependent upon 
the relative magnitudes of the surface and bed undula­
tions. This signature does not fit the data either. In 
general, in th e regions of positive vertica l strain ra te, the 
transverse strain rate exceeds the longitudinal stra in rate, 
further suggesting th at plane-stra in simplifications are not 
a ppropriate. 

'vVe suggest the cause of the rougher surface regions is 
a local increase of the basal fri ction , that the bed relief is 
not an exaggerated expression of what is seen on the 
surface, and that the verti cal strain rate a re accommo­
dated by the surface topograph y alone. If the vertical 
relief is insufficien t to accou n t for the entire vertical strain 
ra te, excess positive vertical strain would require that the 
bed dip more steeply in the downstream direction . This 
would decrease local water pressure a t the ubglacial bed 
(the gravita tional potenti al supplying a greater fraction of 
the pressure gradi ent required to transport basal water) 
a nd reduce basal lubrication . The result still would be 
increased basal friction. 

While the thickening/rough-surface correla tion dis­
cussed above is by far th e more common situation 
observed on I ce Streams D and E, there are instances 
where a rough surface corresponds to a high thinning rate 
(red in Fig. 9) . One of the more prominent occurrences of 
this is within the upstream region of Ice Stream E , where 
there is a single, la rge surface bump coincident . with a 
local thinning maximum. Another area of la rge thinning 
is near the Ice Streams D/E confluence, where thinning 
takes place over both slow-moving, rough areas and 
farther downstream. The la tter case may be simila r to the 
local thinning over a bedrock step reported for Rutford 
I ce Stream by Frolich and o thers (1987 ). 
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DISCHARGE FLUXES 

The purpose of th e airborne ice-thi ckness data was to 
facilitate calcula tion of discharge flux at a seri es of 
transverse transects (or " gates" ) a long each ice stream to 
investigate the longitudinal varia tion of net mass balance. 
This technique proved effective in illustra ting the dyna mic 
behavior orr ce Stream B (Shabtaie a nd others, 1988). Co­
registration of the airborne data and the imagery was 
performed, based on geographic coordinates. As men­
tioned earlier, airborne-data loca tion is from GPS CA­
cod e differenti al pseudo-range data coll ected on the 
aircraft. These da ta have a standard devia tion better 
than ± 100 m. Image coordinates were provided by the 
U.S. Geologica l Survey, based on a multi -image adjust­
ment using ground-control points di stributed primari ly in 
no rth ern Mari e BYI'd Land with the addition of a few 
points on or near ice streams, and are accurate to ± 600 m 
(Ferrigno and others, 1994). Th us, th e accuracy of the co­
registra tion is better tha n ± 608 m. 

Figure 10 shows the surface and bed eleva tions a lo ng 
each transect, toge th er with velOCIty data within 1 km of 
th e transect. Comparison of surface-elevation pro files 
with surface features seen in th e imagery support a co­
registration accuracy at least as good as that stated above. 
G a tes are numbered starting a t the downstream end of 
each ice stream (five on Ice Stream D and three on Ice 
Stream E; see Fig. 1) . Gate DDE refers to one of the two 
tra nsec ts across the grounding-line area of both ice 
streams. Velocity data in Figure 10 refer to the velocity 
component perpendicular to the transect. 

Beginning on Ice Stream D, the most upstream ga te 
(D5 ) is narrow due to the limited amount or'velocity d a ta 
in the most active tributary. Th e bed topograph y of ga te 
D5 is generally rough er than for other gates but, over the 
ac tive tributary, the bed is smoother than the surround­
ing terrain. Average ice thickness is over 1400 m in the 
tributary. The boundaries of the channel are not obvious 
from the basal topography - a ch aracteristic of I ce 
Streams Band C noted by Shabtaie and Ben tley 
(1987 ). The main j et is clear in the gate D4 data with a 
slightly eleva ted surface but, again, with no basal topo­
graphic control to its boundar-ies. By gate D3, the ice 
stream has widened and the bed is smoother - not just 
beneath the ice stream but also und er th e ridge to the 
south (toward Ice Stream C). Near the south margin of 
the ice stream along gate D2, there is a broad , Oat-topped 
basal feature underlying a rough -ice surface. Profiles a t 
D2 and DDE show ice thickness rath er than surface and 
bed topography; however, the surface is much smoother 
tha n the bed, so gross features in ice thickness correspond 
to bed features. The rough surface near the southern 
margin can be seen in the imagery. Gate DI captures the 
tra nsverse asymmetry of the veloci ty fi eld . The bed is 
about 10% higher over the faster part of this gate, but this 
is not nearly enough to compensate for the factor-of A 
difference in speed between the northern and sou them 
parts of the ice stream. Thus, the ice flux is much greater 
through the faster region despite the reduced ice thickness 
th ere. 

The transects of I ce Stream E b egin upstream with a 
ro ugh bed and la rge surface reliefa t gate E3. The velocity 
profi le indicates an incipient tributary to the north as well 
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as two o th er broad tributa ri es th a t full y coalesce 
downstream of thi s profile. G ate E2 shows three distinct 
flows, signa ling disruptions upstream of wha t had been a 
more unifo rm fl ow. These di sruptions do no t m a tch basa l 
topograph y a t ga te E 2 a nd a re proba bly caused by 
vari a ti ons in basa l fri cti on (discussed earli e r ) . The overall 
channel rough ly ma tches th e fu ll width of th e ice stream. 
Gate El illustra tes a more uniform fl ow, a lbeit with a 
slower pa rt to the south . A t the southern bound ary, the 
bed is rem a rkab ly smooth , ye t this area is the slowes t pa rt 
of this pro fi le. Finally, a t ga te DDE (only on e of the two 
profi les is shown), the ice has begun fl oa ting, so th at th e 
bed shown is no longe r th e basa l topogra ph y but th e 
bottom of th e ice shelf. This is not true ou tsid e the ice 
stream, where the surface topograph y ri ses ra pid ly and 
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Fig. lOa . Five transects of swJace and bed elevations 
(from airborne radar; heavy lines) and sll1Jace velocity 
(from satellite image1J1). View is upstream. Elevations are 
referenced to the W GS84 geoid but ma)! contain systematic 
errors of up to ± 100 m. T ransects D2 and DD E show ice 
thickness rather than slllJace and bed elevations. i ndividual 
velocity IJoillts within 1 km of transect are shown as IJoin ts 
along with additional prescribed velocities (crosses) 
permitting the indicated fitted spline. Velocity magnitude 
is that component jJerpendicular to the transect . D ashed 
vertical line indicates ice-stream margin inferred fi'om 
Image1I For lhe south margin of DDE, dashed vertical 
line is the transect jJosition of the }low band originating at 
the south margin of fee Stream D at the grounding line . 
Dotted vertical Line indicates the position oJ the "gate­
limited" width as defined in the text. 

the bed is much rougher. 
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Airborne d a ta along each tra nsect were sub-sampled 
a t a consta nt spacing. Figure 10 ill ustra tes tha t velocity 
d a ta a re not as uniform ly spaced. T o facilita te the ice-flux 
computa ti on , each velocity pro fi le was approxim a ted by a 
cubic splin e. In reg ions with la rge gaps in veloci ty d a ta 
a nd nea r ice-stream margins, velocity estima tes were 
sometimes included to guid e th e splin e a nd avoid 
unconstra ined velocity vari ations. These artifi cia l points 
were kept consistent wi th other veloci ty da ta a nd with our 
in terpretation o f the margin positi on in the im agery. 

If basal stress is absent, th e shape of a tra nsverse 
velocity profi le should fit a fo urth -order polyno mial. 
There a re a few locations where the velocity d a ta of 
Figure 10 meet thi s crite rion; e .g. th e south sid e o f the jet 
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Fig. lOb. Four transects of surface and bed elevations (from airborne radar; heavy lines) and Sll1Jace velocity (from 
satellite imagery) . See Fig. lOa Jor discription . 

at gate D4, north side of ga te D2, south side of gate D I , 
a nd north side of gate E2. In general, there are signifi cant 
departures from the fourth-ord er polynomial shape, 
indicating large variations in the forces resi ting ice­
stream fl ow. 

Wi th con tin uou profiles of veloci ty and ice thickness 
across each transect, the ice-equivalent volume flux , F, 
for each transect was calcula ted in 1 km incremen ts across 
th e full width using the formula: 

F = L 1ft(H - C)t:.w (2) 
w 

where W is the width , 1ft is the velocity component 
perpendicular to the tran ec t, H is the ice thickness, C is 
the equivalent thickness of air in the ice column and t:.w is 
the increment of width. Two key assumptions are made in 
thi s calcu lation. The first is that there i ' no velocity 
variation with depth. This is valid on these ice strea ms, 
where driving stress i low yet velocity is high. Sliding or 
till deformation mu t dominate with negligible internal 
deformation . The second assumption is that C is constant 
and equal to 12 m of ice equivalent (Alley and Bentley, 
1988). The calcu lated fluxes, toge ther with th e average 
va lues of ga te-perpendicular ve locity (1ft ) a nd ice 
thickness (H) , a ppear in Table 3. (Note that th e prod uct 
V t(H - C)W will not, in general, equal the gate fluxes in 
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Table 3. ) 
A considerable volume of ice fl ows into the ice streams 

from the sides, ye t accurate values of ei ther ice thickness 
or ice velocity along the margins are not available. To 
account for this late ra l influx of ice, the lateral limits of 
the fl ow from each ga te were traced downstream to the 
next gate by foll owing flow bands in the images . We refer 
here to this narrower width as the "gate-limited" width . 
If flow is stead y, no ice should fl ow across these 
longitudinal fea tures. I n support of thi approach, no 
cases were encountered where the flow-band orientation 
was not para llel to th e measured flow direction. "Gate­
limited" fluxes (F' ) were calculated using Equation (2) 
(where the "gate-limited" width , W' , is substituted for 
the fu ll width ) for a ll gates except the most upstream 
gates, D5 and E3 (see Table 3). 

As a check on th e contribution of transverse flow 
across the ice-stream margins, the difference between the 
" gate-limited" flux and the full flu x was converted to a 
transverse "cross-margin" velocity using appropriate data 
of ice thickness a nd distances from Figures 4 and 10. 
Along a ll but one margin segment, th e "cross-margin " 
veloci ty was less tha n 8 m a- I. These a re consistent wi th 
velocities a t the margin of Ice Stream B (Whillans and 
Van der Veen, 1993) . The only exception was 14ma- 1 

across the northern boundary between gates El and DDE 
where flow ba nds show considerable inflow. Precise 
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T able 3. D ischargejluxes (ice-equivalent) and average rates oJ thickness changeJor Ice Streams D and E. DataJor each 
gate include width, average values oJ velocity and ice thickness, and ice-equivalent mass flux com/Juted ji"om Equation (2) 
using profiles oJ velocity and ice thickness ( Fig . 10). Parentheses and asterisks indicate reduced uncertainties achievable 
when velocity data occur on the same image /Jair as discussed in the text . ACCllmulation flux is calculated )i'om assumed 
constant rate of O. J J + 0.05 kg m - 2 and the indicated sUljace area between gate pairs. Rate oJ thickness change is calCIIla/ed 
ji"om Equation (3) 

Gate W ~ H Flux "Ca / e-limi ted" Accumulation SUljace Ra/e oJ thickness 
flux flll Y area change 

km m a m km 3 a 1 km 3 a 1 km 3 a 1 km 2 m a 

Ice Stream D 

D S 30.1 194. 1 1432.7 8 .66 ± 0.66 
0.21 ±0.11 2102 .7 0.86 ± 0.53 

D 4 82.S 138 .1 1220.2 13.89 ± 1.83 7.07 ± 0.88 
( ± 0.2S ) 0.23 ± 0. 12 2296.7 -0.21 ± 0.15* 

D 3 64 .2 222 .3 10 17.7 14.8 1 ± 1. 26 14.60 ± 1.1 7 
( ± 0.23 ) ( ± 0 .22 ) 0.22 ± 0. 11 2236.7 -0.31 ± 0.16* 

D 2 62.S 275 .0 9 12.0 15.8 1 ± 1.1 6 15.72 ±1.11 
( ± 0. 26) ( ± 0.26) 0.26 ± 0. 13 2578. 1 -0.02 ± 0.16* 

DI 46.8 399.8 927.2 16.80 ± 0.99 16. 11± 0.89 
( ± 0.30 ) 0.46 ± 0.23 4632 .3 0.13 ± 0.43 

DDE jD 53 .8 426.5 760 .8 17.53 ± 1.84 16.65 ± 1.73 

22.5 ± 1.9 (Shabta ie a nd Bentley, 1987 ) 

Ice Stream E 

E3 99 .9 234.9 109 1.8 2S .64± 2.37 
0.28 ± 0 .1 4 2752.8 0.22 ± 1.03 

E 2 75.35 314.0 1063 .0 2S.64 ± 1.59 25.32 ± 1.53 
( ± 0.30) 0.46 ± 0 .23 4637.9 -0.02 ± 0.11 * 

El 79.28 340.7 9 75.9 26.76 ± 1.6 1 26. 12 ± 1.50 
( ± 0.35 ) 0.7 1 ±0.36 7096.4 0.44 ± 0.27 

DDE jE 96 .0 36 1.7 746.8 26.5 1 ± 1.1 9 24.34 ± 1.0 1 

26.2 ± 2.4 (Shab ta ie a nd Bentl ey, 1987 ) 

m agnitudes of th e e velocities are no t signifi cant g ive n the 
errors in the n uxes. 

F lux errors were calcul a ted by propaga ting the er rors 
of the veloci ty and ice thi ckn ess through Eq uation (2 ) . In 
genera l, sys tem a ti c errors domina te. R andom errors were 
minimized by th e la rge number of d a ta a\'a ilable fro m th e 
remote-sensing m e th ods. Surface a rea and acc u m u la tion 
flu x also appea r in T a ble 3, comple ting the necessa ry da ta 
to compute the ra te of thi ckness cha nge . 

MASS BALANCE 

The mass ba lance for any region bounded by two gates 
follows direc tly from summing th e upstream gate nux a nd 
the accumul a tion nux and subtrac ting the dow nstream 
ga te nux (using th e ga te-limited value to avoid account-

ing fo r la teral nu xes) . T his can then be con ve rted to a ra te 
of th ickn ess change: 

f:,.H / f:,. t = (F - F' + A)/S (3) 

where [:)'H / f:,. t is th e ra te of thi ckness cha nge, F is the 
upstream mass nu x, F' is th e downstream "gate-limi ted " 
flu x, A is the accum ulation nux and S is the ice-stream 
surface a rea. 

A sig nifi cant reduct io n in error occurs when the two 
gates occu r on the same image pair. In this case, the 
sys tem a ti c image-eo-reg istra ti on erro r can be ignored . 
These cases are indicated in T able 3 by paren theses 
encl os i ng the lowe r 0 ux errors a nd b y an as ter isk 
following the calcul a ted ra tes of thi ckness change. 

Th e d a ta reveal th at, while [ce S treams D and E 
appear to be in overa ll equilibrium in th e region studi ed , 
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th ere is evidence of local thinning and thickening. Ice 
Stream D is thi ckening at the upper end of the calculated 
region (gates D5 to D4), thinning slightly between gates 
D4 and D 1, and perhaps thickening downstream of gate 
DJ. The most stat istica lly signifi cant imbal ance is 
between gates D3 and D2 but, even there, the thinning 
is only two standard deviations from zero . The larges t 
imbalance occurs in the most upstream region , but it also 
contains the la rgest error due to the smaller surface area 
and the fact tha t gates D4 a nd D5 are on different image 
pairs. On I ce Stream E, the only region identifi ed as 
signifi cantly ou t of balance is the most downstrea m (gates 
El to DDE) but, again, th e difference is only two 
stand ard devia tions from zero. 

Jacobel a nd Bindschadler (1993) m eas ured Ice 
thickness a t K 3 and M3 (see Fig. 4) a nd found a 
thi ckenin g of 14 ± II m in 16 years. Th e earli er 
discussion of geoceiver- a nd im age-derived velocities in 
this a rea (see Table 2) left open the possibility of a 
decrease in speed a t these locations over this same time 
interva l. These two sites lie downstream of the most 
downs tream mass-balance region in the mouths of Ice 
Streams D a nd E. A thi ckening might we ll result in a 
deceleration , but the rates of both are mu ch lower than 
what has been documen ted on Ice Stream B (Stephenson 
and Bindschadler, 1988; Bindschadler and o thers, 1993 ). 

COMPARISON WITH PREVIOUS DISCHARGE. 
FLUX ESTIMATES 

The disch a rge flux es of Ice Streams D and E in Table 3 
can be compared with those calculated by Shabtaie and 
Bentley (1987 ) at a transverse position approximately 40 km 
downstream . Our va lue for I ce Stream D is 17 .53 ± 1.84 
km 3 a I, lower than their value of22.5 ± 1.9 km 3 a I, while 
for Ice Stream E our va lue of26.51 ± 1.19km3 a- 1 is in 
exce llent agreement with their flu x of 26.2 ± 2.4 km 3 a I. 
Our calcu lations ofIce Stream D's discharge a mount to a 
22% redu ction in flux a nd modifies Shabtaie and 
Bentley's resulting net flux of Ice Stream D (discharge 
flux minus accumulation flux ) downward by 70% to 

2.3 ± 3.6 km 3 a- I, a fi g ure that is mu c h close r to 
equilibrium. 

A compa rison of their velocity data with ours reveals 
the cause of the disc repa ncy on Ice Stream D. Their 
velocity profil e across th e two ice streams was based on 
only two direc tly measured velocities (at K3 and M3; see 
T able 2) and three velocities (at K4, L4 and M2) 
interpolated from measured velocity and strain-rate data 
at nearest-neighbor stations (Thomas and others, 1984). 
For the stations in the p a th of Ice Stream D, the 
interpola ted RIGGS velocity of 465 ± 30 m a- I at L4 
agrees well with our value of 442 ± 6 m a I; however, 
Figure 4 shows th at K4 lies in the stagna nt em bayment 
adjacent to Siple Dome. The intense marginal gradient of 
velocity between K3 and K 4 would have not been 
detected by strain-rate measurements at these stations 
alone. Clearly, the proper velocity at K4 is much less than 
th e interpola ted RIGGS value of 325 ± 30 m a I. To a 
lesser d egree, the R IGGS interpolated velocity of 
165 ± 30 m a- I a t M 2 a ppears to be too low, although 
this station li es just beyond the area of velocity coverage. 
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CONCLUSION 

The utiliza tion of high-resolution sa telli te imagery for 
ma pping th e velocity fi eld of entire ice streams has 
o bvious relevance to studies seeking to understa nd th e 
d ynamic behavior of ice shee ts. Accuracies are compar­
a ble to satellite-positioning surveys of just a few years ago. 
More precise positions can now be obtained using GPS, 
but spatia l-coverage limita tions are obvious. I ce Streams 
D and E provide excellent examples of the complexity of 
ice-stream fl ow and the addition of velocity information 
signifi cantl y enha nces the abit'ity to interpret the surface 
fea tures revealed by the imagery in terms of ice-stream 
kinematics . 

Most of the a reas of Ice Streams D and E moving 
fas ter than 100 m a- I have been mapped for velocity. Both 
ice streams exhibit coalesc ing tributaries, but Ice Stream 
D comprises longer, narrower sec ti ons; the cen tral part 
nearly devoid of surface features probably experiences 
little basal fri ction. Ice Stream E has a shorter, wider 
trunk and probably a more spa tiall y variable pa ttern of 
basal fri ction . Both ice st reams exhibit a marked 
asymmetry a t their confluence, with Ice Stream D 's flow 
di verted the most. Vertical strain ra tes correla te with 
surface reli ef in a manner th at suggests rougher surface 
relief can serve as a proxy indicato r for regions of 
increased basal fri c ti on. 

The combination of these remote-sensing data sets 
with airborne remote sensing of ice thickn ess ena bles the 
calcula ti on of the spatial pattern of mass ba la nce. The 
d ensity of data minimi zes the rand om errors, but 
sys tematic errors con tinue to limit the ability of the 
technique to res'olve extremely local variations in mass 
balance. These limitations are eased considerably when 
the region is con tained com ple tely on only one time­
separated image pair. Our calculation improve a n earli er 
estimate of the net mass ba la nce for Ice Stream D 
(Shabtaie a nd Bentley, 1987 ) a nd indica te that, while 
both I ce Streams D and E are in approx imate 
eq uilibrium , som e loca l variation in mass balance 
probably exist. 
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APPENDIX 

The regu lar grid perm i ts th e calcu la tion of strain rates by 
the method described in N ye (1959). For th e righthanded 
coordina te system with axes x and y , the strain rates 
centered at point (Xi, Yi ) a re 

where 

and 

ix = t(b + d - a) + ~c, 
. I b Id 
Exy = '2 - '2 ' 

iy = ~a + t(b + d - c) 

a = Hfo.10.O + £0.- 1 0.0 ) 

b = Hfo.11 ,0 + £0.-1:-1,0 ) 

c = HLl.O:o,o + £1,0:0.0 ) 

d = H f_ 1,0:0.1 + £0,-1:1.0 ) 

1 L f 
£k.f:m,n = t In Li 

(AI ) 

(A2) 

(A3) 

is th e stra in ra te along th e li ne between ( Xi+k, Yj+tl a nd 
(XHnt' Yj+Tl ), a nd t is the time interval ove r wh ich the line 
changed from ini tial leng th Li to fin a l leng th Lr. From 
these equ a ti ons, the fl ow-ori ented stra in rates a re 

ilongitudinal = ix cos2 a + 2E:.'Cy sin a cos a + E:y sin2 a 
. . . 2 2 " . 2 

Etransverse = Ex Sill a - E:cy Sill a COS a + Cy COS a 

E:shear = (iy - ix) sin acosa +E:xy (cos2 a - sin2 a) 

where a is th e fl ow direc tion measured counter-clockwise 
from th e x ax is. 
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