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Image-to-image cross-correlation software ~s ap- 
phed to pairs of digital satellite ~mages to map the 
velocity field of moving ice This techmque uses 
small-scale glacial surface features, such as cre- 
vasse scars and snow dunes, as markers on the 
surface of the mowng ice Displacements of the 
surface features are mapped by selecting small 
~mage areas centered on d~stinct features, or by 
dwidmg a large area of densely featured glacial 
surface into a grid of areas, and searching a subse- 
quent ~mage for matching areas using a cross- 
correlatwn algorithm Interpolation of the peak 
correlation values allows the d~splacements to be 
measured to subp~xel accuracy, resulting m very 
precise velocity measurements Cross-correlation is 
also apphed to promde image coregzstration m 
areas devoid of bedrock exposures In such areas, 
subtle large-scale topographic undulations m the 
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~ce surface, related to underlying bedrock struc- 
ture, may be correlated by using large ~mage areas 
and low-pass filtered images Both types of apphca- 
tions are demonstrated, using Ice Stream D and 
Ice Stream E m West Antarctica as test areas A 
high-resolution map of the velocity field of the 
central portion of Ice Stream E, generated by the 
displacement-measuring technique, ~s presented 
The use of cross-correlation software is a significant 
improvement over previous manually-based photo- 
grammetrw methods for velocity measurement, 
and is far more cost-effective than in s~tu methods 
in remote polar areas 

INTRODUCTION 

The polar lee caps and glaciated regaons form an 
Important component  of the global envaronment 
They are critical to current chmate and sea level 
However, simple parameters of the dynamics of 
these frozen areas, such as flux and mass balance, 
remmn very poorly known This is due m large part 
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to the vastness and remoteness of large porhons 
of the cryosphere Satelhte-based remote sensing 
can provide quick, accurate, and relatwely mexpen- 
swe mfonnahon about cryosphere dynam]cs, if algo- 
rithms for extrachng the perlanent measurements 
from remotely sensed data can be developed The 
present study detads one such algorithm, which 
yields veloc]ty field determmahons of mowng ice, 
and, adchhonally, provides an accurate method 
of coregastenng images m remote polar regions 
lacking fixed control points 

Previous studies have demonstrated the use- 
fulness of sequential satelhte ]magery for glacier 
velocity measurements (Lucch]tta and Ferguson, 
1986, MacDonald et al, 1989, Lucchltta et al, 
1989, Doake and Vaughan, 1991) To date, visually 
based photogrammetrlc techmques have been 
used, conmstmg of coregisterlng two images using 
bedrock outcrops, selecting surface features on 
the ice, visually finding their locahon on the sub- 
sequent image, and manually or mechamcally 
measunng their displacement Small, sharp sur- 
face features are reqmred for h]gh prec]slon when 
wsual techmques are used Prec]mons are hm]ted 
by the p]xel raze of the image data, smce the 
location of any extended feature m the image ]s 
referenced to a single pixel locahon somewhere 
on the feature 

A second hmltahon of prewous methods is 
the reqmrement that exposed bedrock be present 
somewhere within the imaged area for accurate 
coregastrahon of the two images This is more 

restricting than It may seem at first, large areas 
of the Greenland and Antarchc ice sheets, ]n- 
cludmg outlet areas, are completely ice-covered 
These regions can have complex ice dynamics 
(e g ,  Stephenson and Blndschadler, 1990), and 
thus are important to studies of ice flux and mass 
balance 

The method presented here offers an im- 
proved approach to the remote measurement of 
ice motion Because features are represented by 
small rectangular image areas (hereafter called 
"chips") rathe] than single p]xels, displacements 
may be ]nterpolated to subp]xel accuracy Diffuse, 
extended features yield precamons similar to those 
for sharp features In areas without bedrock out- 
crops, a separate type of apphcahon of the algo- 
rithm can accurately coregister images prior to 
velocity measurement Generahon of a detaded 
map of the velocity field, with a very high densitv 
of velocity measurements, is much easier with 
the presented technique than with the earlier 
methods Any d]gatal image data of moderate to 
high resolution can be used (e g ,  Landsat TM, 
Landsat MSS, SPOT, or digital aerml photogra- 
phy) The results of an mitml apphcatlon of the 
image-to-image cross-correlat]on techmque have 
been previously discussed (Blndschadler and Scam- 
bos, 1991) This paper expands the discussion of 
the method used in that study, and demonstrates 
its potent]al by generating a hlgh-resoluhon veloc- 
Ity field map of a portion of Ice Stream E of the 
Slple Coast area, West Antarctica (Fig 1) 
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THE ALGORITHM 

The image-to-image correlation algorithm we use 
is based on the normahzed cross-covanance method 
(see Bernstem, 1983) The most common use of 
this type of algorithm m image processing is to 
locate accurately tie-point pairs m two ~mages 
to coregaster them However, ff an mdependent  
method for coreglstratlon can be found, the algo- 
rithm may be used to find the displacements of 
mowng features, prowded that the features show 
httle change m their appearance Two software 
packages incorporating this algonthm were used 
m our analysis of ice veloclhes Land Analysis 
System (LAS), developed by NASA (used by TAS 
and RAB), and SAMSON, developed by MacDon- 
ald Dettwder and Assocmtes (used by MJD and 
jcw) 

In the algonthm, for each small image chip 
selected from a reference image, a matching chip 
is searched for m a larger search area within a 
second image The normalized cross-covarlance 
correlahon adjusts the intensity values of the two 
chips so that they have zero mean and umty 
standard dewahon before correlatmg This helps 
to deal with differences m dlummatlon between 
the images, and produces a normahzed result (m 
the range - 1 to 1) so that the correlation results 
from vanous attempts within one search chip may 
be compared The reference chip is compared to 
a chip of the search area at every center-plxel 
location in the search area for which the reference 
chip wdl fit entirely within the search area The 
intensity values or digital numbers (DN), for plxels 
within chips are compared on a plxel-by-plxel 
basis The s~mdar~ty of the reference ch~p and the 
search area ch~ps ~s quantified by the expression 

~ , ( r ( t s )  - -  /Jr)(8(ls)  - -  ILls) 

CI(L,s) = ~'~ 

Lt,s J Lt,~ 

where CI(~,~) is the correlation index between the 
two eh~ps at the search-area chip center-plxe] 
location L,S, r(~,,) Is the DN for the reference ch~p 
p]xe] at location l,s, l~r Is the average DN for the 
reference ch~p, s(t~) is the DN for the search-area 
ch~p p~xel at localaon l,s, and/J, ~s the average DN 
for the search-area ch~p The expression has a 
maxamum value of 1 when the reference ch~p and 

search-area chip centered on plxel L,S have lden- 
hcal grey-scale values at each corresponding plxel 
location A "map" of the correlation index is made 
from all the CIILs ) values over the entire search 
area (see Fig 2) From this map, a varwty of 
correlation stahst~cs are computed to evaluate the 
match, such as the maximum CI value, number 
of secondary peaks, mean and vanance of the 
correlahon surface, peak-above-mean, peak-above- 
second-peak, and full width at half maximum for 
the mare peak The two software packages differ 
somewhat m this evaluation, in LAS, a region 
around the maximum CI/Ls ) value, the "peak re- 
gion," is culled from the map pnor to evaluating 
parameters such as peak-above-mean and stan- 
dard deviation of the "background" correlation 
mdex, whde SAMSON includes the peak area m 
~ts evaluation and calculates a greater variety of 
statistical parameters SAMSON also allows more 
flexlbdlty m applying the parameters as selection 
cnterm for matches A variety of combinations 
of peak-above-mean and peak-above-second-peak 
values were used m our studies to quahty-control 
the matches Good results for our study were 
obtained by hmltmg selected matches to cases 
where peak-above-mean was greater than 10 and 

F t g u r e  2 Schematic diagram of the cross-correlatlon algo- 
rithm See text for description 
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peak-above-second-peak was greater than 3, how- 
ever, the success cnterm may be somewhat case- 
specafic If the maxamum CI(Ls) passes these tests, 
a baquadrahc functaon is fit to the CI values an 
the peak region The locatmn of the maxamum 
of thas funchon (to + 0 1 paxel accuracy) is the 
reported match locahon 

An important addmonal feature of the SAM- 
SON software is the abdaty to automatically perform 
a reverse correlahon for every feature matched 
The reverse correlataon takes the location of the 
maxamum CI m the search area (the integer paxel 
locahon) and generates a reference chap around 
it A search area centered on the location of the 
original reference chip (from the "forward" corre- 
lahon) is examined for a match The reverse corre- 
lahon should result m a selected match pomt 
within one paxel locahon from the anatml ("for- 
ward" correlahon) reference chip center If at does 
not, then the match is rejected The essential 
idea behind reverse correlahon as that the shaft 
determined should be independent  of which am- 
age is chosen as the reference image A hagh 
proporhon of false correlations can be detected 
by thas method because only reasonable matches 
are hkely to produce adentlcal results for correla- 
tion m both dwectlons 

IMAGE ACQUISITION AND 
PREPROCESSING 

To maximize the slmdanty of the surface features 
in sequentaal satelhte imagery, sun angle and azi- 
muth should be nearly the same m both amages, 
and differences between viewpoints for the two 
images should be mlmmlzed This is best accom- 
plished by acqumng scenes with the same scene 
center location (1 e ,  identical path / row locations 
for Landsat) taken at the same time of year The 
tame anterval between the scene acqmsataon dates 
should be such that the slowest features to be 
measured have moved a distance equal to at least 
a few plxels on the images (based on an lmtml 
guess of thew velocity) Preeasaon of the denved  
velocity measurement  increases w~th a greater 
tame interval, however, an increased tame inter- 
val raises the chance that the surface features 
have changed in appearance For our study, two 
Landsat images of Path 7, Row 119 were used 
(ID#510511451 and ID#423411053) Aequlsatlon 

dates are 16 January 1987 and 12 December 1988 
This temporal separahon of nearly 2 years, cou- 
pled with the 28 5-m ground resoluhon of TM 
data, allowed us to measure ice speeds as low as 
30 m / y r  with a precision of +3 m / v r  (Bmd- 
schadler and Scambos, 1991) 

Four processing steps are used to enhance 
small ice surface features and remove noise prior 
to extracting displacement measurements princi- 
pal components transformahon, scan-hne destnp- 
rag, high-pass filtering, and gausslan contrast 
stretching The presence of clouds m either of 
the scenes may reqmre additional, case-specific, 
steps in preprocessmg It is best if subscenes are 
chosen so that no clouds are present In mulhband 
image data the first principal component  (PC1) of 
the vasable and near-infrared data yaelds low-noase 
Images m whach ace topography is enhanced, and 
subtle reflectance dafferences between snow and 
tim, seen m some mdlvadual bands, are suppressed 
("tim" as old, partially recrystalhzed, granular snow, 
see Orheam and Lucchatta, 1987, 1988) For thas 
study, the PC1 of TM Bands 2, 3, 4, and 5 was 
used (Fig 3b) Panchromahc chgatal image data, 
such as SPOT Panchromahc, could be used di- 
rectly Scan-line noise striping or banchng (which 
remains m the PC1 amage because at is correlated 
m all bands) as then removed (Fig 3c) For TM 
data, several effectwe des tnpmg algorithms are 
reported m Cnppen  (1989) High-pass spatial til- 
termg as then apphed to the amages to remove 
brightness varmtlons assocmted with large-scale 
topographic features, or ice "undulataons" (Fag 
3d) Long-wavelength topographic undulations at 
the Ice surface are due to the response of ace 
flowing over long-wavelength features m the un- 
derlying bedrock (Paterson, 1981) These features 
remain fixed while the small-scale surface features 
move wath the ace The use of these features for 
image coregastrahon as discussed later For the 
measurement  of small feature dasplacements, 
long-wavelength topography must be suppressed, 
or the brightness vanahons of the surface around 
a small feature wdl bins the cross-correlahon algo- 
rithm, due to changes m sun aspect angle as ace 
flows over an undulahon The scale of the tilter 
should be roughly equal to the thackness of the 
ice (Budd and Carter, 1971, see also dascussaon 
below) For the TM images used here, a 35 × 35 
plxel kernel was used (equivalent to a - 1  km 
spatial filter window) The high-pass filtered PC1 
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image is then s t re tched to a gaussmn dlstrlbutmn 
of brightness levels 

ICE VELOCITY MEASUREMENT 

Displacement  measurements  of features on the 
processed images may be made m two ways 
ei ther by creating reference  chips around wsually 
selected features (as m Bmdschadler and Scambos, 
1991) or by generating a gnd  of equally spaced 
reference chips (as m the present  study, see be- 
low) If some mlhal eshmate  of me velocity is 
avadable, smaller search areas can be specified, 
whmh greatly reduces the computmg h m e  re- 
qmred  

Unsuccessful matching sltuatmns are usually 
caused by one of three factors an absence of 
surface features, reflectance vanatmns assocmted 
with the chstnbutmn of fresh snow and firn, or 
slgmficant velocity gradmnts at the scale of the 
reference  chips Boundaries be tween  fresh snow 
and firn are transmnt features, changing after each 
storm, thus each image has its own pat tern of new 
snow patches draped over the topography of the 
area Although principal components  processing 
suppresses the reflectance vanahons assocmted 
with snow/f i rn  boundaries, they are stdl present  
The boundaries are sharp features, and thus are 
not removed by high-pass spatml filtering In high- 
velocity-gradient areas, such as at the margans of 
an me stream or glacmr, shear dlstorhon of the 
surface features and changes m the relatwe posi- 
trons of features can occur at the scale of the 
reference  chip In general, velocity gradients are 
gradual enough that with reasonably sized image 
chips and net  ice mohons of a few to a few tens 
of plxels, dlstortmns are too small to hamper  
the matchmg algonthlm However, the dlfficulhes 
assocmted with high-shear areas can be addressed 
by changing the size or shape of the reference  
chip Smaller chips, or chips that are elongated 
parallel to the dlrectmn of flow, wdl have less 
dlstorhon (Note SAMSON allows only square 
image chips, LAS allows for rectangular chip sizes, 
but  with hmlts on the size ranges ) 

A comparison of ice speeds measured by both 
the cross-correlatmn techmque  discussed here  
and the manually-based point-pinking method  
used m prewous studies is shown m Figure 4 
The test area is a central porhon of the upstream 

(a) (b) 

(c) (d) 
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Fzgure 3 Landsat TM images of the central portion of Ice 
Stream E dlustratmg the four preprocessmg steps used to 
enhance the images prior to measurmg the displacement 
of small surface features Image a is a raw TM Band 4 im- 
age of the area Image b is a first principal component im- 
age (PC1) using Bands 2, 3, 4, and 5, this image has been 
stretched to reveal the scan-hne stnpmg m the data Im- 
age c is a PC1 image after a destnpmg algorithm has been 
apphed Image d is a high-pass filtered Image derwed from 
c, using a 35 × 35 plxel kernel In practme, the image data 
is not stretched untd after the high-pass filtenng step 
Flow dlrectmn Is from top to bottom, parallel to flow 
bands Sun &rectmn is to the upper right 

area of Ice Stream D (unpubhshed data) For 
each point, both methods were  used, the pomthke  
features selected and measured manually were  
used as chip center-points for the cross-cor- 
relahon program The small y-intercept,  near- 
unitary slope, and high R 2 value (0 964) of the 
Figure 4 data mdmates that the cross-correlahon 
method imparts no systematm error to the dis- 
placements  and is generally consistent with veloc- 
lhes de te rmined  by visual methods At present,  
there  is no "ground truth" on me-stream veloclhes 
m the imaged area 

COREGISTRATION OF IMAGES 

As noted above, long-wavelength features m the 
ice surface ("undulations") remain fixed relatwe 
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Fzgure 4 Comparison of the cross-correlation-refined 
speeds with visual-pomt-plckmg techniques similar to 
those used in prewous studies Data are from Ice Stream 
D (unpublished data) Speeds are m m/vea r  

to the smaller-scale features which move with 
the Ice This permanence permits t ho r  use m 
coreglstratmn of the images Long-wavelength un- 
dulations in ice-sheet topography are wslble m 
enhanced satelhte imagery in many areas (e g ,  
Dowdeswell and Mclntyre, 1987, Lucchltta et al,  
1989, Swlthlnbank, 1988), particularly an areas of 
movmg ice (Blndschadler and Vornberger, 1990, 
Stephenson and Bmdschadler, 1990) In a study 
of the relatmnshlp of the surface topography of 

moving ice and the underlying bedrock features, 
Budd and Carter (1971) determined that undula- 
hons are directly correlated with bedrock topog- 
raphv, speofically, with the first derwatwe of the 
bedrock surface Response of the ice surface is 
greatest to bedrock features with wavelengths of 
about 3 3 t~mes the Ice thickness Response of the 
surface falls off rapidly below wavelengths less 
than one ice thickness Thus, an image of ice 
surface topography at wavelengths greater than 
about one ice thickness is dominated by features 
related to bedrock topography 

Despite their diffuse outlines, these features 
can provade accurate coreglstrahon of amages us- 
mg the cross-correlahon algorithm, ff a sufficiently 
large reference chip and search area are used The 
reference chip must be large enough to encom- 
pass several undulations In this apphcatlon, low- 
pass spatial filtering of the destnped PC1 amages 
as reqmred to remove the small-wavelength fea- 
tures (Fig 5) Because of the large reference 
and search areas revolved, the techmque is very 
computer-mtenswe Computahon tame may be 
reduced by estamatlng the best fit of the undula- 
tion field prior to a run, and selecting a search 
area only shghtly larger than the reference chip 
This may be accomplashed by vasually matching 
the undulation fields, that is, rapidly alternating 
or "flickering" between the two undulation fields 
and adjusting the relatwe positions until the fields 
match up This wsual matching of the undulatmn 
fields can result in a coreglstrahon aecurac) of 
about + 1 paxel (see Blndschadler and Scambos, 
1991) 

(a) (b) 

L~ ~ 4 F~gure 5 Low-pass-filtered PC1 images 
of the central porhon of Ice Stream D, 
showing the undulahon fields used for 
coreglstermg the images The dark area 
m the upper right corner of the left image 
is cloud shadow The left image was taken 
16 January 1987, the right image was 
taken 12 December 1988 Sun dlrechon 
In both Images is towards upper right The 
filter kernel used was 35 × 35 plxels, or 
nearly 1 km x 1 km 
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A test of the computer-based coreglstrahon 
techmque, using the cross-correlahon algonthm, 
matched the undulahon field m the central por- 
hon of Ice Stream D to an accuracy of + 0 8  
pixels To generate the undulahon image, low-pass 
filtering with a 35 x 35 plxel filter kernel was used 
on the destnped PC1 image (based on a rough 
estimate of i km ice thickness) For this test, LAS 
software was used Subsamphng of the images is 
reqmred for LAS software, because the maximum 
size of the reference image chip is hmlted to 
128 x 128 p~xels Th~s ch~p s~ze does not encom- 
pass enough of the undulahon field at full resolu- 
hon to accurately coregaster the images There- 
fore, the low-pass-filtered undulahon field ~mages 
were "shrunk" to 30% of their original s~ze A 
gnd  of 36 reference ch~ps of 128 x 128 pixels was 
used on 750 x 750 p~xel ~mages (subsampled from 
2500 x 2500 p~xel images derwed from the same 
Landsat scenes menhoned earher) Search areas 
were 16 p~xels larger than the reference ch~ps m 
both hne and sample d~rechons, and were placed 
close to the expected match (a coregastrahon vec- 
tor of + 22 hnes and + 156 plxels) determined by 
the v~sual fl~ckeIang techmque Thirty-one suc- 
cessful correlahon matches were found, yaeldmg 
an average reg~strahon vector of + 21 9 + 0.2 hnes 
and + 156 1 + 0 3 samples Error magnification 
due to subsamphng yaelds the quoted accuracy of 
just under + 1 p~xel The SAMSON software does 
not have a hm~tahon on ~mage ch~p s~ze, thus, al- 
hough coregastrahon using SAMSON w~th larger 

ch~p sizes would be even more computer-mten- 
sive, the result should yaeld a more accurate co- 
regastrahon than w~th LAS 

HIGH-RESOLUTION VELOCITY MAP OF 
THE CENTRAL AREA OF ICE STREAM E 

As a demonstrahon of the potenhal of the veloclty- 
measunng techmque, a high-resolution map of the 
velocity field of the central porhon of Ice Stream 
E is presented in Figure 6 The map is based on 
311 dasplacement measurements using the cross- 
correlation method Three grids of reference 
chips were generated, with chip sizes of 32 x 32, 
64 x 64, and 128 x 128 plxels. Search areas were 
32 pixels larger than the reference chips in both 
line and sample chrections, and centered on grids 
of locations using an initial-guess velocity of 350 

m / a  downstream (based on the results reported 
m Bmdschadler and Scambos, 1991) Three chip 
sizes increased the chances of successful correla- 
hons m both high-velocity-gradient areas and ar- 
eas of subtle surface features The results of the 
128x 128 plxel reference-chip gnd runs were 
used only where smaller grid sizes fmled to find 
a statable match. In 855 attempted chsplacement 
measurements, the algorithm found a correlation 
m 413 cases Of these, 75 of the 128 x 128 plxel 
reference-chip matches were ehmmated from ar- 
eas that were mapped m greater detail by smaller 
chip sizes Twenty-seven matches using other 
chip sizes were ehmmated as being inconsistent 
with surrounding data or ice features The points 
were not reverse-correlated because the displace- 
ments were measured using LAS software. The 
areas m the image where the algorithm fmled to 
find matches were characterized by nearly fea- 
tureless snow surface or by the presence of snow- 
firn boundanes m one of the images In the chosen 
test area, velocity gradients were not large enough 
to cause the distortion problems noted m earher 
studies (Bmdschadler and Scambos, 1991), gwen 
the chip sizes and hme interval used 

The velocity maps m Figures 6a and b show 
the detml revealed by hlgh-resoluhon mapping 
and the consistency of the measured velocity field 
This area of Ice Stream E was selected because 
earher mapping (Bmdschadler and Scambos, 1991, 
see Fig 7) suggested that a local minimum was 
present and that high velocity grachents surrounded 
it, possibly correlated with shear crevassing ob- 
served m the ~mage Figure 6 confirms th~s pat- 
tern, and prowdes a more robust characterization 
of it Hlgh-veloclty-grachent areas to the left of 
the velocity minimum are assocmted with the 
onset of crevassing, with crevasse orientation sug- 
geshng a left-lateral shear Extensional crevassing 
downstream from the velocity minimum also cor- 
relates with an poslhve velocity gradient Figure 
6b demonstrates the sensltwity of the algonthm 
to changes m flow chrectlon. Ice-flow dlrechon 
changes of a few degrees, m response to the "ndge ~ 
of topographic features on the nght side of the 
image, are well defined by the velocity field The 
abdlty to determine flow dlrechon accurately en- 
hances the glaciologacal uses of these data This 
accuracy is a result of the subplxel mterpolahon of 
¢hsplacements used by the correlahon algorithm 
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(a) Speed, meters/year 

(b) Flow Direction 
(degrees, relative to edge of ice stream) 

F~gure 6 Speed and flow dlrechon contours 
superimposed on an image of a central por- 
hon of Ice Stream E Points where successful 
correlahons were made are shown as wh]te 
dots on the image Flow dlrechon IS from top 
to bottom, parallel to the flow bands m the 
]mage The flow angles contoured m Figure 
6b are referenced to the stream edge, located 
off the ]mage to the right, w]th a near-vertlcal 
upper-right-to-lower-left onentahon, see Fig- 
ure 7 Positive values represent flow vectors 
clockwise of this onentahon, and negatwe 
values represent flow vectors counter-clock- 
wise of it 
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I~tgure 7 Hue-mtenslty-saturatlon image of Ice Stream E and its velocity field The image was generated using the first 
prmclpal component of TM Bands 2, 3, 4, and 5 as intensity, and lee velocity [as reported in Bmdschadler and Scambos 
(1991)] as hue Saturalaon is constant The color velocity scale is nonhnear to emphasize velocity vanatmns wlthm the 
main body of the ice stream 

Figure 7 illustrates another  way of integrating 
velocity field data w~th Landsat imagery of an 
ice stream by using an in tens l ty-hue-sa turahon 
transform. The image shows the velocity field and 
surface features of a larger portion of Ice Stream 
E (data from Bmdschadler  and Scambos, 1991) 
In the image, lee speed de te rmmes  the hue,  while 
topography, as represented  by an unfil tered PC1 

image, determines  the intensity Saturataon is con- 
stant White  dots m the image are locations of 
velocity measurements  This type of processing, 
coupled with the accurate velocity mapping pro- 
vided by the presented  technique,  helps dlustrate 
the close connechon  be tween  vanataons in the 
velocity field and the formahon of surface features 
on the lee 
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FUTURE WORK AND ADDITIONAL 
APPLICATIONS 

Apphcatlon of the above-described methods to 
other areas of these me streams (currently under- 
way) wdl provide a regmnal velocity map of the 
area The high density and accuracy of the velocity 
data provided by the techmque makes it possible 
to extract meaningful strata-rate mformatmn as 
well, again on a regnonal scale Several other outlet 
glacmrs m Antarctica and Greenland, such as Pine 
Island or Byrd Glacmrs, are potenhally good areas 
to apply the described methods, smce duphcate 
satelhte imagery already exists and mlhal velocity 
measurements using the point-pinking method 
have already been made (MacDonald et al, 1989) 
Further, the velocity fields of me shelves, as well 
as those of me sheets, may be characterized by 
this method, If coasthnes or me rises prowde an 
adequate basis for coregastratmn, and ff a sufll- 
cmnt number of surface features are revealed by 
image enhancement (e g ,  Doake and Vaughan, 
1991) 

The stahstmal robustness of the cross-correla- 
hon method represents a great improvement over 
previous methods for displacement measurements 
from sequential imagery Although the demon- 
strahon of the algorithm has concentrated on the 
glacmlogmal aspect of measunng me-stream mo- 
tmn, there is a wade range of possible apphcahons 
m other areas of environmental research The 
only reqmrements are that the image data be 
digital, that the movmg features show httle change 
between images, and that some means exists for 
coreglstenng the images 
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