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ABSTRACT. This paper descr ibes the application of a n automated cross-co rrel ation 
technique to pairs of 85.5 GHz Special Sensor Microwa\"C Im age r (SSM/I ) images to 
obta in ice motion over the entire Arctic Basi n for a contiguous two momh period between 
December 1993 andJ anuary 1994. Although the surface ice info rmation in the imagery is 
coarse and noisy, the a rea cross-co rrelation method is quite successful in picking up ice­
motion information. The accuracy of85.5 GHz SSM/I derived ice motions is evaluated by 
comparing results with Arctic buoy drift. O ver 390 compari sons with buoy-dr ift estimates 
of ice displacement were made with an overall correl at ion of 0.75 and an average vecto r 
magnitude error in ice velocity of3.5 km d I. The main difficulty with thc au tomated tech­
nique is the tendency to overest imate ice displacemem compa red to buoy data by abo ut 
14%. Two detailed examples of ice motion a re presented. The fi rst occurred in December 
1993, when a major westward shift in the ice pack took place in the Canada Basin and 
opened up a very la rge lead off Banks and Prince Pa trick Islands. The second example 
occurred in J a nua ry 1994, when an intense a nticyclone over the Canada Basin produced 
a strong Beaufort Gyre. 

INTRODUCTION 

Sea-ice motion is important for understand ing climate pro­
cesses at the sea-ice- a tmosphere- ocean interface. Differen­
tial icc mol ion determines the extent of open water within 
the ice pack, which in turn greatly influences local sensible 
and latent heat exchange with the atmosphere, the rate of 

new ice production, brine production within the surface 
layers of the ocean, and ice ridging and thickness distribu­
tion. On longer time-scales, sea-ice motion determines the 
rate that sea ice is advected out of the Arctic Basin through 
Fram Strait and into the Canadian Archipelago, and is 
therefore important in sea-ice budget studies of the Arctic 

Ocean. This is also important in determining the rate of 
freshening in the North Atlamic and the intensity of ther­
mohaline circulation in the global ocean (Aagaard and 
Carmack, 1989). 

The 85.5 GHz channels on the Special Sensor Micro­

wave Imager (SSM/I ) historically have not been used much 
for estimating large- cale geophysical properties of sea ice 
(Steffen and others, 1992) because of the high attenuation 
of surface microwave em issions due to atmospheric moisture 
and liquid water. During winter over the Arctic Basin, 
atmospheric moisture is typically low and atmospheric at­

tenuation is not a serious problem. As a result, the higher 
pixel resolution of 85.5 GHz imager y, compared to lower 
frequency channels, can be used to observe the sea-ice sur­
face. It turns out that a t pixel resolu tions of 12.5 km, la rge 
multi-year ice fl oes and la rge leads that form over the Arctic 
Basin can be resolved. Animation of daily SSM/I imagery 
over periods of several month to several years has been con­
ducted, and the resu lts reveal a dynamic behavior of the sea­
ice pack not previously observed. 

To quantify the ice mot ion seen in the an imation, an 
image-matching technique usi ng m ax imum cross correla­
tions (MCC) in windowed portions of the two images was 
used. Several authors developed th is method of matching 
locations between pairs of im ages: Ninn is and others (1986) 
first desc ribed an automat ic technique using maximum 
cross correlation between sequentia l images in windowed 

portions of AVHRR images; Emery and others (1991) 
applied the technique to est imate ice motion in Fram Strait; 
Fil ey and Rothrock (1987) appli ed a simil ar technique to 

image pairs from a Synthetic Aperture R adar (SAR ); and 
Hi rose and others (1991) further refined and automated the 

technique. This paper is the first attempt to apply the tech­
nique to coarse resolution 85.5 GHz SSM/I imagery to 
obta in mot ions over the enti re Arctic Basin for a contig uous 
two momh period. The accuracy of 85.5 GHz SSM/I­
derived ice motions is evalu ated by comparing results with 
Arctic drift buoys . 

DATA AND METHODOLOGY 

The SSM/I dail y average data were obtained on CD-ROM 
from the National Snow a nd Ice Data Center ( SIDC, 
1994). Each daily image is a mosaic of the 14.1 orbits that 

occur over the 24 hour period (m idnight to midnight 
GMT). Each orbit has a swath width of 1394 km result ing 
in considerable overlap over the Arctic Basin during any 24 
hour per iod. Because the satellite orbit is tilted away from 
the North Pole ax is, there is a circul ar region 280 km in ra­
dius where no data is coll ected. The method of binning 

different orbi tal brightness temperatures into the 12.5 km 
SSM/I g rid is descr ibed in NSIDC (1996). 

For comparison with the buoy data, the ana lysis carried 

305 https://doi.org/10.3189/S0260305500014191 Published online by Cambridge University Press

https://doi.org/10.3189/S0260305500014191


Agnew and others: Sea -ice motion from SSlvI/ J image?] 

out in this paper assumes that each 12.5 km pixel in the daily 
mosaic represents the averagc brightness temperatu re over 
thi s 24 hour period valid a t 1200 h GMT each day. This is 
ge nera ll y a sound assumption bu t for individual cases it cre­
ates sma ll timing errors over the A rcti c Basin (di scussed 
later ). Severa l years of imagery were animated a nd a two 
month period (December 1993 a nd J a nuary 1994) was 
selected on the bas is of strong ice motion in the Arctic Basin 
a nd relati vely good A rctic buoy cO\·e rage. Only hori zontal 
pola ri zed SSM /I im age ry was a nalyzed for ice moti on, 
because it gave a better image contras t than the vertical po­

la ri zati on. A neighbo r-substitution algorithm was applied 
to the origina l CD-ROM product from NSIDC to correct 
for occasiona l missing pi xels and poor scan lines. No (ilter­
ing or removal ofeloud was conducted and a land mask was 
applied to the image ry before ice-m otion ana lysis was car­
ri ed out on image pa irs. 

Deta il s of the maximum cross correlati on (MCC) tech­
nique a rc described in Ninnis a nd others (1986) a nd Emery 
a nd others (1991), and therefore will not be desc ribed in this 
paper. The technique, as developed in thi s a pplication, is 
contained in a completely automated softwa re package 
called Tracker developed by Hirose and others (1991). Track­

er softw are has been appl ied to a va ri ety of satcllite imagery, 
including ERSl SAR, NOAA AVHRR, and RADARSAT 
SAR . For application to the SSM /I 85.5 GH z imagery, a 
7 x 7 pixe l search window for calc ul ating cross co rrela ti ons 
was used, and an es tima te of ice displacement be tween 
im ages was performed roughly every 6 pi xcls (75 km ). Dis­
placement vectors were checked [or consistency with sur­
rounding di splacement vectors. The estimated ice 
di splacemenLs were then interpola ted to the nearest buoy 
using quintic interpolati on of the three closest estim ates, 
a nd that interpolation then compared to buoy drift. 

The buoy data were obtained from the International 

A rctic Buoy Program established by the Pola r Science 
Center, Uni versity onVashingto n (Thorndike and Colony, 
1980). Figure I shows the location of most of the buoys used 
in the study, with the A rgos identification number, and buoy 
drift during the two month stud y period. Problem buoys, 

Fig. 1. Observed buo:'y drift tracks fo r December 1993 and 
] alllw?] 1994. 
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such as those that became caught in the land-fas t ice a round 
the cluster of sma ll islands of FranzJ osef La nd just north of 
the Bare nts Sea, were removed from the study. Strong ice 
motions we re estimated in the vicinity of these islands, 
which were too sma ll to be reso lw d in the im age ry. Buoys 
which were caught in the land-fas t ice ofT the islands re­
ported no motion [or the two month peri od. The Argos buoy 
numbers and their la titude/longitude locations a re shown in 
Tablc I. A ll buoys, except number 1108, a rc nea r the sma ll 
isla nds of FranzJ osef Land. Buoy lI08 was probably in the 
Beaufort Sea a rea, a nd onl y intermittently reported its 

location (quite often reporting the same location for se\'era l 

weeks at a time). Buoys 3291, 1874, 1795, 1796, 1108 a nd 1788 
we re removed from the stud y. This left < 400 va lidation 
compa ri sons with the buoy data, and mos t of these valida­
ti ons were in the western Arctic Basin ( the BeauforL, 
l\1a rkarov and Amundsen basins). There were usuall y 15-
20 buoys unevenly di stributed over the Arctic Basin at any 
one time. There we re 25 im age pair runs in the two month 
period, a nd most were sepa ra ted by 3 or 4 days except for 
run 22, which was sepa rated by 2 days a nd run 2, which. 
was sepa ra ted by 5 days (Table 2). No pre-selection of the 
images was conducted to remove the occasiona l day when 

orbita l coverage of the Arctic Basin was poor. 

Table 1. Location qf defective buo)lS or buoys caught in land­
fast ice 

. Iq;os btu»)' 11 0. Lalilude LOllgilude 

3291 80.06 X 58.98 \\' 
18N 79.28- N +5.63 \\' 
1795 80.39° N 61.57 \\' 

1796 80.48° ~ 61.70 W 
1108 76.81 :\ 13i28° \\' 
1788 80.57 i\' 62.3T \\' 

As outlined by H olt a nd others (1992), there a re two 
main sources of error in measuring ice di splacement 
between im ages A and B: the geographic position error eg 

of each im age pixcl and the tracking error et. which is th e 
uncerta inty in identifying common ice features in the sec­
ond image. The trac king error applies to a displacement 
observed between two images. Including errors, the di spl a­
cement (s) of a n ice feature is: 

(1) 

If eg is assumed uncorrclated between im ages, and eg and et 
a re G aussian with zero mean a nd std dev. O'g a nd O't, th e 
error in 8 will have ze ro mean and a vari ance 0 [: 

2 2 2 O's = 2O'g + O't . (2) 

Geolocation accuracy [or the SSMjI is ± 8 km (NSIDC, 
1996) a nd, estimating the tracking error to be no better than 
the pixe l resolution, we h a\'e O'g = 8 km and O't = 12.5 km, 
which g i\'es a va lue of 16.8 km for O's. The error in velocity 
is 0', divided by the time il1lcrval between the images. In this 
application the time sepa ration between images is typically 
4 days, producing a velocity error estimate of 4.2 km d I. 

The error can be improved by increas ing the time interval 
between im ages. This however would reduce the time reso­
lution, a nd increase tracking errors by prO\' iding more time 
for surface features 10 be modified and/or be distorted. 
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Table 2. Summmy statistics comparing image-matching and buoy-estimated mean ice motionsfor the 2 month study period 

RI/n Rderence image "Ialch image Da)'s Nil'!)' IBlpixel5 

01 931201 931204 3 1.32 
02 93 1 20~ 931210 3 2.74 
03 931207 931211 4 3.48 
22 931210 931212 2 1.39 
04 93121 1 931215 +. 2.08 
23 931212 931215 3 1.62 
05 931215 931219 +. 2.-f3 
06 931219 931223 4 3.08 
09 931220 93122+. 4 3.25 
07 931223 931227 +. 3.02 
10 931225 931228 3 1.88 
08 931227 931231 + 1.57 

931231 940103 3 1.81 
2 940102 940107 5 2. 15 

2+. 940103 940107 4 1.68 
25 940107 94·0111 -, 2.1 1 
3 940109 940113 + 2.17 
4 9+01 11 940114 3 1.80 
5 94·0113 9-1-0 117 ' f 2. 10 

26 9+011-1 940118 + 1.68 
6 9401 18 9+.0122 +. 2.03 
7 940122 9+.0125 3 1.+.6 

27 9+.0125 940129 4 0.91 
8 940126 9+.0129 3 1.1-1 

r\\"Crage 3.6 2.02 

This error est ima te ignores timing errors that a ri se from 
the assumption that all pixels in the daily images arc valid at 
1200 h GMT. The first timing error elTeets the time interval 
between images. Because there a re 14. 1 orbits d \ there is a 
0.1 of an orbit advance each day. This will effect the mean 

time interval between daily images by as much as 0.11 
14.1 x 24 h = 0.17 h. This is equal to about a 3% error. 
Assuming a mean ice velocity of8 km d I produces an error 
estimate of ± 0.24 km d I. 

The second timing error occurs in the representative 
GMT time for individual pixcls around the Arcti c Basin. 
As one moves around the Arctic Basin, individual pixel will 
be composed of different orbits the average time of which 
may be as much as 6 hours away from 1200 h GjvIT. Ifit is 
ass umed that this is the same for both the reference and the 
ma tched im age, then the di splacements may be valid as 
much as 6 hours away from 1200 h GMT. To estimate the 
random error in velocity that thi s might produce, a knowl­
edge of the autoeorrelation function (J.L) and natural var­
ia nce (O"N 2 ) of ice motion is required. Thorndike (1986) 
estimates 0";-.!2 to be 37 km2 d 2 (50 em 2 s 2) and the autoeor­
rel ation fun ction to be 0.9 a fter 6 hours. This produces an 
estimated error variance of O"N 2 x (1 - f.i) = 37 km 2 d 2 x 
(I - 0.9) = 3.7 km 2 d 2 or a velocity error of ± 1.9 km d- I

. 

Combining these error estim ates produces a n overa ll error 
of4.6 km d I. Comparison with buoy data in the res ults sec­
ti on will show that actua l error are lower than this esti­
mate, but with a slight bias towards overestimation. (Error 
in buoy locations is ± 0.3 km, which is negligible). 

In addition to these errors, there are errors introduced 
by the validation procedure resulting from (a ) i11lerpolating 
image estimates of ice displ acement to buoy locations and 
(b) differences in location of the buoy within the start 
location of a grideell. 

Image I T I fJixels Bias fJivts IT - B l /Jireis I A ngle I degree 

Ul 0.09 0.6+' 25.7 
2.67 0.07 0.65 12.6 
3..16 0.02 0.69 5.6 
1.9+. 0.55 1.18 30.5 
2. 13 0.05 0.78 20.2 
1.75 0.13 0.60 17.2 
2.42 - 0.01 0.73 15.6 
3.01 - 0.07 0.6+' 10.9 
3.53 0.29 1.02 16.0 
3. 18 0.1 6 1.39 21.1 
2.2-1 0.37 0.95 21.1 
1.71 0.1+ 0.99 29.6 
2.23 0.+2 1.29 21.3 
2.52 0.37 1.77 +'9.0 
3. 15 1.+.7 1.90 +.0.5 
2.+'9 0.38 0.82 3.8 
2.46 0.29 1.0-, 23.7 
2.13 0.33 1.09 28.8 
2. 12 0.02 1.13 31.7 
2.06 0.38 0.87 35.+ 
2.25 0.22 0.87 23.6 
1.+.9 0.02 0.38 33.2 
1.27 0.36 0.74 37.0 
1.6-, 0.49 0.93 33.3 

2.29 0.28 0.96 2+.3 

RESULTS 

Table 2 shows the run number, the reference and the matched 
image dates a long with error statistics comparing the vector 
displ acement of the buoy (B ) and the vector displacement 

estimated between image pairs (T ). The average bias 

(ITI-IB I) for all the data was 0.28 pixels (3.5 km ), which is 
1+% of the average buoy di splacement. The a\'erage vector 
error magnitude was 0.96 pixcls (12 km ) and the average ab­
solute angle error was 2+.3°. Since the average separation 
between images is 3.6 days for the 25 runs, these pixel errors 
corres pond to a speed bias of I km d I (1.1 6 cm s I) and vector 
magnitude error in velocity of3.5 km d I (4.0 cm s I). Figure 2 
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is a scatter plot of the estimated displacement vs buoy displa­
cements for all 391 compari sons. The correlation coefficient is 
0.75 and the x axis intercept is 0.53 of a pixel. 

The tendency for the image-matching technique to over­
estimate by 14% when compared to the buoys is likely to be 
due to the increased probability of incorrect matches occur­
ring at larger, rather than smaller, displacements than those 
recorded by the buoys. This is because the number of pixels 

308 

s. 
;::; 

cq 
..: 
~ 
" " '" 
~ 
~ 

" " ...::l .:;:,.. 

~ 
" ~ 
~ 
~ 
.~ 

'" .~ 

-<:> 

" ":S 
'-> 

->.: ... 
<::l 
~ 
~ 
<::l 
;::; 

"'"" '-> ...... 
<:; 
£' 
'-> 

" ~ 
0<) 
0, 
0, -., ... 
" -<:> 
~ 
" " '" ~ 

-., ""<::i -., 
~ r-L. ·s ... 

~ § 
;:c <:> 
<:> ~ - '-> 
" ~ '" '" <::l 

'" '\::j 
.~ . ~ 

<:> ... 
~ '" -c... 
" " .;:, ":S 
~ .... 

" ""<::l '" <:> 

"" '-> 

C<"i '" .~ 
<:\0 -

It; ~ 

equal to or less than the actual displacement for a given 
observation is considerably less than the number of pixels 
greater than the displacement. Therefore the probability of 
an incorrect match occurring at larger displacements is 
higher. This type of error is difficult to correct, but the best 
method has more stringent criteria for consistency. The dis­
tribution of a ngle errors (not shown ) is broad with the most 
extreme angle errors occurring for weak motions when 
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la rge pixel size leads to coarse angula r resolution for sm all 
displacements. For example, the angula r measurement ac­
curacy for a I pi xel di placement is 45° compa red to a 15° 
accuracy with a 3 pixel displacement. An examination of 
specific runs showed that the technique had problems in 
tracking motion in the M arginal Ice Zone (MIZ ), espe­
cially in the north G reenland Sea, as found by other studies 
(Holt and others, 1992). This is not surprising since the MIZ 
is a region of la rge cha nge and deform ation over 3- 4 day 
pe riods, which separate image pairs in thi s study. 

These error stat istics are not as good as results obta ined 
with AVHRR imagery, which is to be expec ted since SSM/I 
pixel size is more than ten times la rger a nd geolocation ac­
curacy is not as good. For comparison, Emery and others 
(1991) obta ined a bias of 0.5 cm s - I using 1.1 km resolution 
AVHRR imagery, and a standa rd deviation o[ 0.9 cm S- I 

fo r a 5 day period. Our stud y was [or a longer two month 
period a nd results a re verifi ed against buoy da ta ove r a large 
part of the Arctic Basi n, rather tha n just the a rea of Fram 
St rait. 

Overa ll , ice motions ex tracted from SSM/I im agery a re 
good in the maj ority of comparisons with the buoy data, but 
occasional overestim ation of di splacement is a problem. It 
should be kept in m ind that there was no pre-screening of 
the cases to selec t the best im ages for testing the technique. 
Detailed motion over the Arctic Basin for run 03 (image 
pairs for 7 and II December 1993) and run 5 (image pairs 
for 13 a nd 17 J anuary l994) a re described below. 

7-11 December 1993 case study 

During mid December 1993, 85.5 GHz SSM/I a nimation 
revealed an a lmost basin-wide shift in the ice pack between 
the Canadian Arctic islands and the Siberi an side of the 
Arctic Bas in. The main cause was a strong southwesterly 
gradient over the Beaufort a nd Chukchi Seas, caused by an 
intensifying cyclone over Alaska, combined with an anti­
cyclone over the North Pole region. By 8 D ecember, the gra­
dient extended across the wes tern half of the Arctic O cean 
and remained there for severa l days. The basin-wide shift in 
the pack is evident in the ice di splacement vectors es timated 
from SSM/I image pairs for 7 a nd 11 December shown in 
Figure 3. The 4 day ice-motion vector displacements from 
the buoys are in red, and vector displacements using the 
MCC technique a re in yellow. The small square ma rks the 
beginning of the displacement vector. The la rge circular 
region centred over the North Pole is the data-void region 
of the sensor (see data and methodology section). In the 
background is a fa lse-eolor SSM/I image for 7 December, 
obtained by combining the vertical polarization cha nnel in 
blue with the hori zonta l channel in red and green. This pro­
duced a fa lse-color image domina ted by blue ove r open 
ocean, and various shades of grey over ice-covered parts of 
the image. Lighter shades of grey indicate yo unger first-year 
Ice. 

The shift in the ice pack covers almost the entire western 
half of the Arctic Basin. Motion vectors over the ea tern half 
of the Arctic Basin a re not present because the matched 
SSM/I image for 11 D ecember had missing orbita l data. 
The ave rage displacement in the scene is 3.46 pixels (Table 
2, run 03) . The average buoy displacement in pixel is 3.48 
which, over the 4 day period, corresponds to a n average ice 
motion of 10.8 km d I (12.5 cm s I) and is the la rgest motion 
measured by the buoys during the two month period. 

Agnew and others: Sea-ice motionfTOm SSM/ I imagelY 

This shift in the ice pack towards the Siberi an side of the 
Arctic exposed a la rge a rea of open ocean ofT Banks a nd 
Prince Patrick Islands as wind stresses forced the ice pack 
offshore. The AVHRR infrared im age of the a rea for 12 
December (Fig. 4) shows a very wide lead down the west 
sides of Banks and Prince Patrick Islands, a nd in M cClure 
Strait caused by the motion of the pack offshore. These a reas 
refroze rapidly, but remained visible in the SSM jI imagery 
as yo ung first-year ice (high brightness temperatures ) for 
several months and predi sposed the region to rapid melting 
du r ing the spring breakup. 

Fig. 4. AVHRR infrared image qf12 December 1993. 

13-17 January 1994 case study 

During midJ a nuary 1994, SSM /I animation indicated th at 
ice motion in the Beaufort Gyre was very strong. Figure 5 
shows ice-displacement vec tors estimated from SSM/I [or 
the 4 day period 13- 17 J anuary 1994 (run 5). The back­
ground image is an SSM/I fa lse-color image for 13 J anuary. 
The strong a nticycloni.c circulation of the Beaufort Gyre is 
appa rent as well as la rge ice motion in Fram Stra it. The sur­
face map for 15 J anuary 1994·, 1200 h GMT (not shown ) in­
dicates a very intense a nticyclone ci rculation over the 
Canada Basin/Beaufor t Sea area a nd a pressure gradient 
over the north Greenland Sea. The average di splacement 
from the buoys is 2. 10 pixels (Table 2), which co rresponds to 
an average m otion of 6.5 km d- I

. The ave rage motion using 
image matching is 2.12 pixels at the buoy locati ons. 

Both these cases indicate that the 4 day motion vec tors 
a re consistent with atmospheric pressure patterns and com­
pare well with Arctic buoy motions. The SSM/I data show 
considerably more detail in the motion than is possible from 
sparse buoy coverage over the Arctic Basin. 

CONCLUSIONS 

This paper demonstrates that daily average 85.5 GHz SSM/I 
imagery provides important information on the dynamic 
behavior of sea ice, especia lly sea-ice motion and the identi-
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fication of ex treme ice-motion events. Although sLlrface ice 
information is coarse and noisy, MCC methods of detecting 
motion between pairs of images appear to be sLlccessful in 
detecting ice-motion information. As pointed out by Ninnis 
and others (1986), MCC is the optimal method for detecting 
translational motion between noi y images, a nd this is p er­
haps the main reason for its success. The dail y SSM/I ima­
gery average out random errors in geolocation and timing 
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over the Arctic Basin, which would have to be accounted 
for in individual wath data. Preliminary results (not dis­
cussed in this paper) suggest that using individual swath 
data with radiometric correction and better geolocation 
does not significantly improve the comparison with Arctic 
buoy da ta . Attenuation due to atmospheric liquid water re­
stricts use of the 85.5 GHz cha nnel s to late fall , winter and 
early spring. 
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Comparison sta LI stlcs were good. H oweve r the !VICC 
technique tends to produce a 14% bias in the estimated 
motions compared to buoy drift. This 14'10 overestimate is 
like ly to be due to increased probab il it y of incorrect matches 
occurr ing a t larger rather tha n small er di splacements than 
those recorded by the buoys. Improwd consistency-check­

ing procedures m ay be able to correct thi s bias. The techni­

que worked best during periods of strong ice m otion \\'ithin 
the Arctic Bas in but had difficult y in es tim ating mot ions in 
the :\IlZ, es peciall y in the north Greenla nd Sea where ice 
deform s much marc rapid ly. This is consistent with other 
studies. 

Ice-motion detec ti on using SSM/I 85.5 GHz imagery 
compliments other types of image ry, such as SAR and 
AVHRR, in tha t it can prov ide large aggregate-sca le ice­
motio n information o\'er time periods o f months LO yea rs. 
Except for the summer months, it should be possible to pro­
ducc a la rge-scale ice-motion datase t ovcr the Arctic Basin 

e\'ery 4 days from mid 1987 to the present. using the 

85.5 GHz SSMII data. These data would pro\-ide much 1110re 
spatial detail than is currentl y ava il abl e frol11 buoy da ta, and 
would be usefu l in sea-ice budget studi es of the Arctic Bas in 
a nd in sea-ice 111 0del val idation. The combination of 85.5 
with lower fi'equency SSM/J data 10 estimate geophysica l 

properti es of sea ice should also be pursued. 
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