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1. Rationale

A number of investigators, including the co-authors of this report, are engaged in generating
ice motion products fromSSM/I imagery for a variety of applications. ThePolar Data
Advisory Group (PoDAG),concerned that unwarrantederlap mightexist among these
projects, has requested a summary of the different methods and results.

The objectives of this document are to:

* summarize the basic aspects of pasei@owave-(SMMR- and SSM/I-) derived sea
ice motion;

» provide an overview of several of the bagpproaches currently beinged togenerate
gridded ice-displacement information from SMMR and SSM/I data;

* summarize the overall accuracies expected from the different approaches;

* indicate some likely directions of future work.

Each approach discussed here uses different time intervals for calcidatuligplacements,
and applies differing degrees ddta filteringand post-processing. This reptmnerefore
does not attempt a quantitative, one-to-one intercomparisaiagity vectorgproduced by
the above investigators. Instead, we note the general similarities and differences among the
methods and productsExamples of motion vectordor similar dates are provided for
general comparison. This summary limited to passive microwave investigations.
However, a number of additional studies using buoys SAR, AVHRR, and scatterdatater
are relevant to the issues of algorithms, accuracies, effects of temporal andsapgiag,
etc. We are aware that additional investigators other than those mentioned Ierel\ac

in efforts togenerate icgproducts. To ouknowledge,these other effortsise techniques
basically similar to those discussed here.

2. Background

Within the last several yearseaice researchers useaxhimations ofSSM/I 85 GHzdata
(e.g., T. Agnew and D. Cavalieri) or scatterometer imagery (M. Drinkwater) to illuttedte
coherent motion of the saee pack could be seen in sequentahtively low-resolution
microwave images. A number of investigators then began applying existing motion-
detection methoddevelopedor trackingice motion in AVHRR and SARJata toSSM/I

and NSCAT imagery.

Results showhat theSSM/I- (and SMMR-) derived icemotions provide more frequent
temporal sampling and a longer period aiverage(1979-present) tharBAR, more
consistentcoverage tharAVHRR, and moreextensive spatial coverage thpresently is
provided by driftingbuoys. The precision of the passiveicrowave-derived vectors,



however, islessthan thatachievablefrom these othedatasources, andeliable motions
cannot presently be calculated consistently during late spring through early autumn.

These initial efforts have been followed by additional research to refine the methods and to
test alternative motion detection routines. The motion tracking routines usetiseunssed
here, include:

* Methods based on identifying maximum correlation between search amssatutive
images. Individual, unique features are not followed over time;

* A wavelet method, which follows movement mdrticular wavelet-definetbcationsover
time;

* Most methods apply some filtering to remove “erroneous” vectors;

* Somesubjectivity comes into play in eachethod,throughthe selection of filtering
criteria or choice of statistical parameters or processing options.

The key factors involved in derivinge displacements from passiveicrowave dataan be
summarized as follows:

» Combinations ofice concentration and snow/ice emissivity variatiowghin the
sensors’ field of view (approximately 14 km for SSM/I 85 Gaimd 30 km for 18 and
19 GHz channels on SMMR and SSM/I [but mapped to geibisizes of 12.5 km and
25 km, respectively]) provide the identifying microwave “signature” that is tracked
time;

* Observed motions represent the ensemble displacdtasetrage motion”) ofthis
signaturewithin the sensor’sfield of view, rather than the displacement of a point
feature (such as that represented by buoy motions);

» Passive microwave-derivedotions can be obtained at a higher temporal samieg
than is the caséor satellite SAR and better spati@ioverage thamxisting buoys for
most of the year;

» Spatial resolution of the existing data is the main factor limitingoteeision of motion
detection;

» Atmospheric conditions (cloud cover and columwatercontent) and perhaps changes
in surface condition due tmelt are the mairfiactorslimiting the times of yeakwhen
reliable motions can be observed,;

* Rapid deformation and rotatiamithin the packsuch as occurs in some MI£&gions,
affects the regional accuracy of the motions;

» Other factors such as snowfall, ridging, etc. that can modifgntbkwavesignature for
a location might affect the ability to track individual ice parcels.

Some additional items common to the existing studies are:

» Drifting buoys (mainly the IABP buoys) have provided the bulk ofabeaparisons for
accuracy assessments;

» Different approaches aresed (e.g., interpolation or no interpolatioand different
search-radius distances touoys) when comparingbuoy- and SSM/I-derived
displacements;

» Basic error statistics amorilge different investigatorgdroductsare fairly similar and
consistent;

* Accuracies relative to buoys are better than would be expected from a summation of the
potential error terms;

» Variability in the microwave-derivethotions in comparison to buoys reatively high,
but biases in the data are small on averdgeors and biaseappear tosary by region.
Some results suggetste errorsareunbiased and Gaussiamwhich implies thaterrors
are reduced substantially be averaging;



Patterns of ice motiorevenfor daily displacements, appear consistent iadistic, but
with some regional and seasonal variations;

Atmospheric conditions anahelt limit theuseful period ofpassivemicrowavemotions
to approximately September - May for the Arctic;

Weather effects tend to be more prevalent in the Antarctic;

Ice displacements can be reliably detedtedh 37 GHzdata aswvell as 85GHz data,
allowing production of motion field&r 1979-present using @mbination ofSMMR
and SSM/I data.

Items that warrant specific note include:

3.

Little difference has beenfound to date betweerusing horizontally- or vertically-
polarized data, or between using channel combinations versus aciagteslalthough
horizontal polarized data is mentioned (Agnew et al.) as visshdlying more distinct
features;

Some differencebetweenbuoy displacements andatellite-derived displacemenisill
always exist due to the nature of the two sampling methods (areally-averaged motion vs.
point motion, etc., and different time sampling);

Comparisons td&SAR-derived motions aralso affected bythe difference intime
sampling between the SAR- and SSM/I-observed displacements;

The spatial distribution abuoys doesiot provide complete coverage of all areas, and
thus errorstatisticsrelative tobuoyswill be more orlessrepresentative of the entire
Arctic and Antarctic depending on the distribution (Figures 1 and 2 illustrate this);
The uncertainty in the 3GHz motions is lesthan would be expectegiven that the
field of view is twice that of the 85 GHz channel;

The relativelysmall bias inthe microwave-deriveanotions impliesthat mean fields
should be quite accurate, but the sources of éatorosphereice deformationgetc.) are
not necessarily independentioé velocityandregion, so couldconceivably introduce
biases into mean fields.

The use of daily-averaged brightness temperatures (TBs) introduce$ssusering”
of the motion pattern, whickhouldaffect the accuracy of the trackingdowever, one
study which examined use of non-averaged TBs fdittied difference compared to use
of the averaged TBs;

Comparisons amondisplacement vectorBom buoys,SSM/I and 2-dimensional ice
models suggest that the mean error statibitaeen the modend SSM/I are similar.
Differencescan be largehough forindividual timeperiods, andriary as afunction of
location, ice concentration, and ice thickness.

Summary of Investigators’ Approaches and Results

3.1 T Agnew and collaborators

Agnew, T.A,, H.Le, and T. Hirose, Estimation of large scale meamotion from SSM/I
85.5 GHz imagery, AES report.

Agnew, T.A,, H.Le, and T. Hirose, Estimation of large scale meamotion from SSM/I
85.5 GHz imagery 1997, Annals of Glaciology, 25, 305-311.

Agnew, T.A., H.Le, and M. Shokr, 1998.Characteristics of large wintéeadsover the
Arctic Basin from 85.5 GHz DMSP SSM/I and NOAA/AVHRR imagery. CarRemote
Sensing (in press).



Figure 1. Distribution of IABP buoys during 1988.
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Figure 2. Distribution of IABP buoysin 1989.

3.1.1 Basic features

Applied to 85GHz horizontally-polarized data(NSIDC daily-averagedyrids for the
Arctic). A neighbor-substitution algorithm issed tdfill in occasionalmissing pixels
and scan lines;

Uses a maximum cross correlation (MQ@gthod, withcorrelationscalculated directly
(e.g., without Fast Fourier Transforms [FFT]);.

As applied here, the procedure is contained in a software package called {(Haciss
et al., 1991), and is completely automated.

Displacements were calculated over diffetane intervals. Mostly displacementsver
3 or 4 days.

Cross-correlation search begiwigh the use ofmatching feature¢‘seed locations”)
with sharp features as seen in full-resolution images. Based otosatohs, adjacent
areas are searched using MCC applied to a search window. The search is guided by the



seed location displacement vectors and a knowledge ohdlkenum displacemerthat
can be expected for ice motion.

Estimation ofice displacement between images wiase approximatelgvery 6pixels
(75 km).

A second pass through image may be done usnegluced correlation threshold fith

in unmatched areas.

No filtering or removal of cloud wadone. An error correction procedw@s applied

to check for consistency of displacement vectors with surrounding vectors.

it is noted that motiomwithin the searchwindow must be representable as a single
vector. An important advantage is that the resulting velocity fields possess a high degree
of spatial continuity, which permits the calculation of spal@ivativesessential for
investigating processes of ice deformation.

IABP buoys were used for comparisons. Sdtmed” buoy reporteliminated. Most

of the buoys used for comparison were located in the western Arctic Basin.

Three closesSSM/I estimates to théuoy locations are compared twioy drift for
same period. The three closest are interpolatedomparison tdhe associateuoy
velocity.

Comparison were done for periods in Nov., 1998, Dec. 1993 and Jan.Th@34time
periods were selected based on strong ice motion in the western parAodtih&asin
and the relatively good Arctic buoy coverage.

An example of the icdisplacementslerived by T. Agnewand collaborators is shown in
Figure 3. Note that the quality of many of tm&rd-copy figures included herelessthan
that of the originals. An on-line version of this documeiitbe made available wittmigh-
quality figures as originally supplied by the co-authors.

3.1.2 Main findings

Estimated theoreticarror is 4.6km/day (aboutl6.8 kmdivided by number of days

over which displacement is calculated).

Given average timseparatiorbetween images d.6 days forthe 25 runs, observed
errors relative to buoys correspond teegtormagnitude error 08.5 km/day (4 cm/s).
Correlation coefficient for all comparisons = 0.75.

The overestimate is perhaps due to a tendérciyncorrect matches to occtor larger
displacements than for smaller displacements.

Error (uncertainty) irangle displacement is greafer slower motions tharfior faster

ones.

Comparisons show problems tracking movement in the MiZparticularly in north
Greenland Sea;

Results of case studies show ice motion consistent with atmospheric pressure patterns;
Observed ice motion is used to illustrate processes involved in variations in leads and ice
concentration;

Preliminary resultsare mentioned thashow use ofindividual swath datawith
radiometric correction and better geolocatidnes not significantly improve the
comparison with buoys in the Arctic.
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3.2 R. Kwok and collaborators

Kwok, R., A. Schweiger, D.A. Rothrock , S. Pang, and C. Kottm&#38. Seace motion
from satellite passivenicrowaveimagery assessvith ERS SAR and buoy motions. J.
Geophy. Res., 103, C4, 8191-8214.

Kwok, R., J.C. Curlander, R. McConnell, and S. Paid®990. Anice motion tracking
system at the Alaska SAR facility, IEEE J. Oceanic Engineering, 15(1), 44-54, 1990.

3.2.1 Basic features

Comparisonsare done for motionscalculatedusing individual channels (37GHz as
well as 85GHz data, horizontal andvertical polarizations) taken frondaily-averaged
grids with missing pixels replaced by median value of the 3 x 3 neighborhood;
Cross-correlations are applied at two steps - first to original-resoldditagand then to
oversampled data;

This second step uses dataersampled by a factor of 6, whigtelds pixel spacing of
2.1 km for 85 GHz data and 4.2 km for 37 GHz data;

Regions used for the correlation calculations are 100 km x 100 km for 85a&H200
km x 200 km for 37 GHz;

After each step, filters are used to discard outliers and inconsistent vectors;

No interpolation is used to fill locations for which vectors were not found,;

A final step is applied teestimatesub-pixel displacements by fitting a bi-quadratic
surface to the correlatioraluesand then selecting the locating of tima@ximum of the
function;

FFT are used to improve computation speed,;

A final set of filters are applied. These include a check to eliminate locations that exhibit
too-great a change in meaB, andvectors thatliffer too much in drift direction from
NCEP reanalysis wind velocities;

The Arcticand Antarctic are partitioned intdifferent regionswith motions calculated
over different displacement intervals for ttegions (3-dayntervals in the ArctidBasin
and 1-day intervals in Fram Strait, Baffin Bay and Weddell Sea);

Kwok et al. (1998) present results for October 1992-May 198&tic) and March
1992-October 1992 (Antarctic);

Comparisons are done to SAR-derived motions as well as buoys;

Comparisons to buoys are done using grid points that are within 40 km of buoy or SAR
motion vectors, and which are temporally closest.

Figures4a-c show examples a€e displacements calculated by Rwok. Figure 4a
includes approximately the sartime period as is shown in Figures 3 and 6. Figure 4b
covers the same period as in Figure 7.
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Figure 4a. 3-day displacements for 8-10 Dec. 1993 as calculated by R. Kwok. Also shown
are NCEP mean sea level pressures for the same period. Buoy locations and displacements
are shown in white.
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Figure 4b. 3-day displacements for 8-11 April 1993 as calculated by R. Kwok. Also shown

are NCEP mean sea level pressures for the same period. Buoy locations and displacements
are shown in white.
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Figure 4¢. 1-day displacements for 23-24June 1992 as calculated by R. Kwok. Also shown

are NCEP mean sea level pressures for the same period. Buoy locations and displacements
are shown in white.
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3.2.2 Main findings

Summer ice motions become problematic due to atmospheric conditions and changes in
the surface. Data thus become unreliable between melt onset and freeze-up;

It is noted that the method of creating SSHHlly-averaged Bs will cause a distortion
in features. The degree of distortion is a function of drift speed. Decorrelation of the
buoy and SSM/I observations is expected if large local velocity gradients exist.

It is noted thakerrors inmotion estimates are dependent on the tracking and filtering
process.Thus, somdilters, which may effectively remove outliexsuld inadvertently
introduce biases.

Standard deviations of the error range between 5 and 12 km, ordapout/susing 3-
day displacements in th&rctic Basin,6.1 cm/s using 1-daydisplacements in Fram
Strait, 6.9 cm/s in the Weddell Sea;

Correlations rangbetween0.76 forthe Arctic Basin and Fram Strait t0.67 for the
Weddell Sea;

Comparisons to buoywarrantsome examination ahe individualbuoys themselves.
Some largererrorsappear in Weddell Sea due to someys near the coast being
motionless at times;

Excluding small motions from comparisons hdarge effect on statistics, but it is not
recommended that smafiotions be excluded frorthe data sesince theserrorswill

be averaged out when means are calculated over longer time perio@sarapteerror
standarddeviation in the3-day Arctic Basin displacements reduces fr@n2 cm/s to
about 2.3 cm/s, and to about4.5 cm/s for 1-day displacements in Fram Strait.
Correlations also improve substantially;

Uncertainty in 37 GHz results are only slightly worse than is case for 85 GHz.
Comparisonwith SAR suggeststhat SSM/I correlates bettemwith SAR, probably
becauseSAR, like SSM/I, provides apatially-averaged motionAveragecorrelations
are higher and directional differences dogver than with the buoy comparison.
Uncertainty and biases are, however, similar to the buoy comparison.

Bias error appears to be due to error in the direction parallel witmdatien, rather than
in the perpendicular directionMean error seems to be biased bgnaall number of
SSM/I observations that underestimate ice motion;

Larger errors relative to buoys appear to occur where ice concentration is less. It is also
possible that buoy motions these areas atessrepresentative than is thaverage”
motion provided by SSM/I.

Larger errors occur in conjunctiomth large displacements. This populationesfors
introduces a small bias in the mean;

Motion fieldsare consistentvith atmospherigressure patterns amdnds as seen in
comparisons of bi-monthly data;

Comparisonsare provided among mea8SM/I motion fields and motion fields
generated from interpolatdmlioy positions and winds. Sometable differences are
apparent. Also, the greater coverage of the@SM/I data compared, particularly in the
Siberian coastal waters and the Kara Sea, is illustrated.

3.3. A. Liu and collaborators

Liu, A.K. and D.J. Cavalieri,1998. On seace drift from the wavelet analysis of the
Defense Meteorologicabatellite Program (DMSP) Special Sensor Microwave Imager
(SSM/I) data. Int. J. Remote Sensing, vol. 19, no. 7, 1415-1423.
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Liu, A.K. and Y. Zhao, 1998. Seee motion fromwaveletanalysis ofsatellite data.Proc.
8th. InternationalOffshore and Polar Engineering ContMontreal, CanadaVay 24-29,
1998, 30-35.

Liu, AK., Y. Zhao,andW.T. Liu, 1998. Sea-ice motion deriveflom satelliteagreeswith
buoy observations. Eos Trans., AGU, vol. 79, no. 30, 353, 359.

3.3.1 Main features

» Uses a wavelet approadigased on SAR-applicatiaesultsthat suggestbility to track
motion under conditions that limit other methods.

» Uses 2-dayisplacements. Thwavelettransform appliedvith a scale of 2 units of
pixel spacing (25 km). The resulting contour is framed in a rectangiridow. Each
window at a giverstartingdate isused as demplate to be matched. Themplate
window is not fixed in size, but is determined by the ice feature at a particular location.

* The domain of the template-matching betwekays can be restrictedbased on the
maximum expected icdisplacement. Two tracking regionsare considered: coast/bay
for fastice motion (with a two-daysliding window), and centralArctic for slow ice
motion (with afour-day slidingwindow). Template matching igerformedwith the
results fromthe wavelettransform ofthe images betweethay 1 and day 5 for the
central Arctic and between day 2 and day 4 for coast/bay areas. Template ndaioh is
by shifting the template over each pixel in the domain. Summation of the absdhate
of the differences between the shiftechplate valueand the targetalues is computed
at each location. The sequence of the summathres isused ametric of the degree
of match of the icdeature. Oncehe shapedavebeenmatched, the velocity vector is
estimated by dividing theelative displacemenbver the time interval. Theethod is
described as being efficient because thdy computationsinvolved are logical
operations (addition and subtraction).

» Atwo-day displacement interval is used for some examples. Five-day displacements are
used for other examples.

» Using this approach, individual features are tradkedas long agpossible, then a new
feature is selected,;

* Vectors are averaged to a 100 km x 100 km grid with outliers filtered;

* The method is applied to scatterometer data as well as SSM/I, for Arctic and Antarctic.

* Examples are providefbr Decemberl992 through Januar§993, December 1996,
February 1997 for Arctic and June-July 1992;

» Used displacements within 8 km of buoy locations for general statistical comparisons;

» Comparisons include time series plots of SSM/I-derived displacements compared to an
individual buoys for a 40-day period winter 1993 and durindpecember 1996,)sing
features within a few pixels of the buoy;

» Comparison statistics are based on data mostly in the central and western Arctic;

* The method has also been applied to the Antarctic. Examples are prése@@dune
1992 and 21 July 1992. No buoy comparisons given.

Figure 5(taken fromLiu and Zhao, 1998)illustrates motion vectors calculated by Liu and
others for 22 Feb. 1997 using SSM/I and NSCAT data.
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Figure 5. Comparison of SSM/l and NSCAT vectors. From Liu and Zhao (1998).
3.3.2 Main results

* Wavelet analysis is more interactive and is a research tool at this stage since one needs
some knowledge of physical scalesia# featuresinvolved for the wavelettransform.

Since thewavelettransform is based on FFTs, itusry efficient computationally and
needs about 10 minutésr a motion mapusing aworkstation. Thereforewavelet

analysis is definitely complementary ttee correlation method and camake a major
contribution to the understanding of ice dafter large areas atlatively high temporal

resolutions.

» Derived drift patterns for twéntarctic examples ardiscussed, and are consisteith
expected circulation;

» Comparisons to For 27 buoys (12 Dec.) yields standard deviation om2s6 For 12
Jan. (24 buoys), stand. deviation = 2.9 cm/s;

* For a 40-dayperiod in 1993, motions are compared to iagdividual buoy in the
Beaufort Sea. Speed and directiortted icefeature are trackefilom the displacement
between the two minima of tiveavelettransform results nearest toe buoy. Speed
differencefor the 40-day periodbetween thewvaveletfeature andouoy yields a std.
deviation of 4.3 cm/s;

» The comparison of NSCAT art8SM/I derived icemotion with the ArcticOceanbuoy
data(4-days slidingwindow) shows goodverall agreement as indicated by the RMS
values of differences in speed (2.8 cm/s and 3.0 cm/s). Thkss arealso consistent
with the estimate of satellite dasacertainty. For example, deature displaced 25 km
(NSCAT resolution) over 4 days will have a computed speed of 6.25 km/day (7.2 cm/s).
In this case,for a template matching, the uncertainty in the estimate3.& cm/s.
Therefore, 4-day sliding window is required in cenfattic for the estimate o$ea ice
velocity. Using daily map, the temporal uncertainty of exact starting and ending time for
a 4-day slidingwindow is approximately lday which is 25% of sea-ice drift.
Therefore, a shorter time sliding winddwaslarger uncertainty on sea-ice defstimate
(e.g., 2-day sliding window may have 50% error for sea ice drift);

* Analyses of 5-daydisplacement field$or Dec. 1992 suggedhat major circulation
patterns change significantly within 4- to 7-day periods. Daily motion fields are needed
for data assimilation. Displacements over longer intervals could result in underestimates
of open water production;
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* Liu andCavalieri(1998) used a singleaveletscale, while Livand Zhao(1998) used
multiple wavelet scales. The latter yielded a larger number of vectors.

3.4 C. Fowler and collaborators

Emery,W.J., C.W.Fowler and J.A. Maslanik,997. Satellite-derivednaps ofArctic and
Antarctic sea ice motions: 1988-1994. Geophys. Res. Lett., 24, 897-900.

Emery,W., C. Fowler and J. Maslanik997. New satellite derivedeaice motion tracks
Arctic contamination. Marine Pollution Bulletin, vol. 35, Nos. 7-12, 345-352.

Maslanik, J.A., C. Fowler, J. Key, T. Scambos,Hltchinson, and WEmery, AVHRR-
based Polar Pathfinder products forodeling applications, Ann. Glaciol25, 388-
392,1998.

3.4.1 Main features

* Two versions of passiveicrowave-derivednotions have been examined. Version 0
used a maximum cross-correlation method with oversampling by factor of 6; Version 1
uses MCC with aelaxation method whichhoosesanost-likely displacemerttased on
consistency with neighboring vectors;

 NSIDC daily-averagedTBs are usedwith missing pixelsfilled by neighborhood
averaging;

» Displacements calculated over 1-day inter¥aisall locations, withdaily displacements
also averaged over longer time periods into monthly and annual means;

» Vectors are mapped to a 62.5 km grid;

» Version 0 vectors filtered based on deviation from velocities in neighborhood;

* Version 1 vectors have no post-processing filtegpglied,but with spatial-consistency
filtering done during the relaxation process;

» Version 0 daily displacements have been calculated from 85 GHz and 370GH279
-1987 (SMMR) and 1987-1997 (SSM/I) for the Arctic and Antarctic;

* Version 1 daily displacements are curreralailablefor 1988-1989 and 1993 for the
Arctic;

» Version 0 SMMR and SSM/I motions have been usedilidate icemodel andclimate
model simulations and to calculate ice-transport trajectories;

* Version 0 SSM/I motions have been comparetiuoysand model-derivednotions as
function of year, season, region and ice conditions;

* Some comparisons also done for the Antarctic;

Figures 6 and 7 shomulti-day averages of daily displacements calculated by C. Fowler.
The times of coverage correspond to Figure 3 and Figures 4a and 4b.
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Figure 6. Mean ice displacemenis calculated from 24-howr displacemenis for 7-11 Dec.
1993, Mean NCEP sea level pressures are also shown, Yectors are "CCAR Polar
Pathfinder Yersion 17 data.
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Flgure 7. Mean displacements for 8-11 April 193, averaged Crom daily COCAR Polar Pahi(inder
Verson | displacemems. Nole the ermoneouns. vectors in Benng Siran thal would regune
post-processing fillering (o remove
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3.4.2 Main results

Motion fields (daily fields aswell as monthly, seasonaland annual averages) are
consistent with atmospheric circulation;

Antarctic mean motion fields illustrate details of climatological circulation features;
The 1-day displacements, monthly mearg] climatologiehavebeenused toevaluate
ice models and GCM output;

The Version 0 vectors show regional and seasonal differences in accuracy compared to
buoys, with some dependence on ice conditions;

Statisticalcomparisonswith buoysvary somewhafrom year to yeafor 1988-1993,
probably due tahe different regional distribution dbuoys in different years (see
Figures 1 and 2). SSMiectors agreebtestwith thebuoys duringthe yeamwith the
most uniform and extensive buoy coverage (1993);

For 1988-1993September - Mayerror standardleviation isabout5.5 cm/s for all
Arctic motions (1-day displacements3ing Version O vectors interpolated (acalized
Cressman weighted interpolation) to itbe modelgrid. A total of 21,631comparison
pairs used for statistics;

Error std.deviationfor the Version 0 motionsanges from amaximum of6.4 cm/s in
1988 to aminimum of abou#.8 cm/s in1993. Correlationaverageabout 0.65with
maximum of about 0.76 in 1993. Bias is less than 1 cm/s.

Comparisons done using 85 and 37 GHz motions for 1992.d8tdtionerror for 85
GHz is about 5 cm/s versus 7 cm/s for 37 GHz motions;

Std. deviation okrror (Version 0) foindividual regions ranges frorminimum of 5.1
cm/s in Siberian coastal waters to maximum of about 6.9 cm/s in Fram Strait;
Partitioning of errors in Fram Strait shows substantial underestimation of drift speed by
SSM/I, with errors particularly large for grid cells near the Greenland coast;

For the Antarctic, the SSM/I Version 0 vectordave beenused tocalculatederivative
fields of ice motion using 1-daydisplacements and 1-day displacememesragedver
3-day and 6-day intervals and for monthly mean motion fields. RMS error compared to
buoys is about 7.7 cm/s using 1-déigplacements.7 cm/susing a 6-dayaverage of
1-day displacements;

Errors forthe 85GHz Version 1 vectorg24-hourdisplacements generateging a
MCC with relaxation and with no interpolation; comparedtoyswithin 50 km) have
been calculated for Jan. - 15 March 1988 for the Arctic. Mean errdRBi®l error are
0.6 and 6.5cm/s (u component) an@.7 and 6.&m/s (v component). Restricting the
comparison to buoy velocities of 10 cm/s yields mean erroRM8 error of 0.3tm/s
and 3.3 cm/s (x component) and -0.4 cm/s and 3.9 cm/s (y compoR&ng. error for
all drift speeds but excluding Fram Strait yieRIMS error of 5.0cm/s (x component)
and 4.9 cm/s (y component).

3.5 Drinkwater and Collaborators

Long, D.G., and M.R. Drinkwater, Cryosphere Applications of NSCAT DiaEE: Trans.
Geosci. and Remote Sena.Press.

Drinkwater, M.R., Satellite Microwave Radar Observations of Antarctic Sea Ice. In C.
Tsatsoulis and R. Kwok (EdsAnalysis of SAR Data of the Polar OceaBbapt. 8, 147-
187, Springer-Verlag, Berlin, 1998a.

Drinkwater, M.R., Active Microwave Remote Sensing Observations of Weddell Sea Ice. In
M.O. Jeffries (Ed.) Antarctic Sea Ice: Physical Processes, Interactions and Variability,
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Antarctic Research Serie§4, 187-212, American Geophysical Union, Washington, D.C.,
1998b.

Drinkwater, M.R., Satellite Microwave Radar Observations of Climate-Related Sea-Ice
Anomalies Bull. Am. Met. Sa¢Proc. Workshop on Polar Processes in Global Climate, 13-
15 Nov., 1996, pp. 115-118, 1997.

Drinkwater, M.R., and X. Liu, Satellite Observations of Southern Ocean Sea-Ice Circulation
and Dynamics (OS51B-4), Western Pacific Geophysics Meeting, Taipei, Taiwan 21-24
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3.5.1 Basic Features

» Techniques developed for tracking and gridding low-resolution radar and radiometer ice
motion data (MCC methodsdescribedabove) wereemployed by Drinkwater and
collaborators. ERS and NSCAScatterometer an8SM/I motion productsanalyzed
include (a) one-day gridded SSM/I-tracked motion, and (b) 6-day averages of smoothed
SSM/I 1-day motion (for compatibility with the Scatterometer products).

 ERS and NSCATice motion datawere computed at 3-dajntervals.  Scatterometer
image data tracked in conjunction with R. Kwagingthe method described in Section
3.2 above.For ERS-1Scatterometer images, the effectresolution for astationary
target is~20-25km, and the gridded pixel spacin@.9 km (i.e. thatimposed by the
fine-resolution gridding irthe imaging algorithm). In contrast, tid¢SCAT effective
resolution is 8-10km, and the pixel spacing.45 km. Effective resolution in the
scatterometer imagedepends omatitude, sampling considerations and measurement
overlap. Vectorswere regridded at 10 pixel spacing (where pixel spacing in ERS
Scatterometer products is ~ 8.8 km) Gridded vectors at 88 km intervals.

» ERS-1data were oversampled by factor of 4, which yielded a pixedpacing of
approximately 2.2 km (consistent with sampling used for 85 GHz SSM/I data).

* Antarctic SSM/I data were tracked by C. Fowler (SecBahabove)and then analyzed
in conjunctionwith buoy validation datasupplied bythe World Climate Research
Program International Antarctic Buoy Program (WCRP-IPAB) participants;

» Comparisons with buoy data were made using gridded vectors witkim 80thebuoy
measurement ;

* Products were compared on a similar polar stereographic grid projection with the x axis
oriented at 90°Eand the yaxis parallel to the 0° meridian, to facilitate overlaying the
vector products ontothe radar scatterometer imagiEem ERS-1/2 andNSCAT,
togetherwith NSIDC passivemicrowave imagesand SARdatafrom ERS-1/2 and
Radarsat;

» Consistent gridded ice motion data sets have been generated from eaduda@t 3
and 1 day intervals, respectively) for an entire year in 1992.

Figures 8 and 9 illustrate SSM/I- and NSCAT-derived ice displacements for the Antarctic.
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Figure 8. Weddell Sea 24-hour SSM/I ice motion and ECMWF surface air pressure
field for day 187, 1992 (July 5). Buoy vectorsare highlighted in red.
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Figure9. NSCAT v-pol image from day 273 (29 Sept.) 1996, superimposed by ice
motion vectorsfor the 3-day period between day 273 and 276 (1 Oct. 1996).

3.5.2 Main Results

ERS-1 Scatterometer Data:

* Results showhat the Scatterometer-derivatbtions arealiased,due to the irregular
sampling intervals over th@day temporal averagingeriod. The result is gelatively
poor comparison with Weddell Sea buoy-derived drift.

» 3-day RMS tracking errors were computed relative tdoth@y reference displacement
vectors in theNVeddell Sea, Antarctica, whererror, , = buoy, -vector . The resulting

ms errors are,;

3 day x displacemenerror = 2.36 pixels = 21.0 km - or tifie order of
9.56 over-sampled pixels (spaced aR.2 km intervals). This is the
equivalent of a 7.0 km/d (8.1 cm/s) velocity error.
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3-day y displacement error = 2.27 pixels = 20.2 km - dhebrder of 9.2
over-sampled pixels. This the equivalent to &.73 km/d (7.79 cm/s)
velocity error.

Combined 1 day displacement avelocity errors for ERS-IScatterometer
are 9.7 km/d and 11.22 cm/s, respectively.

Errors in the Weddell Sea indicate that buoys orstiedf respondgignificantly totidal
currents, and aliasing of théidal component is an importantonsideration.
Comparisonsvith 1-day SAR drift confirmghe small-scalegesponse tsemi-diurnal
and diurnaltidal components. The greater high frequencyvariance in thebuoy
component of the tidalcurrents appears to contribute significantly to the
underestimation of the motion by the scatterometer. The scatteraemgtsrtosample
the underlying weekly mean ice drift, due to mean synoptic conditions.
Drinkwaterhas presentednainly climatologicalERS Scatterometeresults due to the
deficiencies of the 1-day SSM/I products, and the relative inaccuracy.

Weddell Sea SSM/I Motion Data:

Comparisons othe CCAR-tracked (Version Qectors, asdescribed in Sectior3.4)
Antarctic SSM/I datawith thebuoy drift data (computed in a similar manner ttaat
described above) indicate errors as follows;

The 1-day RMS errors for x and y component displacenveertssimilar at
0.76 pixels (6.7 km) and 0.79 pixels (7.0 km), respectively.. Thusltday
RMS vector displacement and speed errors are approximatelymg7and
11.23 cml/s, respectively. Clearly tRMS pixel error is lesghan the scale
of 1 original SSM/I pixel. However, as Kwok et al. (1998) have poiated
the daily ice motion estimates are very noisy.

6-Day average oflL-day motionswvere investigatedgince they aramost comparable to
the tracking productsderived using scatterometer images. As expected the result
indicates that thems errorsdecrease approximately in proportion teril/Theerrors

for the 6-day mean motion fields are as follows;

The x andy rms errors are reducedttb km (4.7cm/s) and4.18 km (4.8
cm/s) respectively. This is a significant improvement inltttay fields, and
suggestghat the creation of climatologies isfar more suitable solution
than offering daily motion fields at the present time.
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Seasonally-varying Autocorrelation Function:

 The CCAR dailySSM/I velocity statistics (Section 3.4; Version 0 vectomsyve been
used toinvestigate the seasonallyvarying form of the autocorrelation function. The
gridded vectors wereused tocompute lagged correlations in the x and y projection
directionsfor the polar stereographic projection u andelocity components. An
exponential fit to the results provided a method of evaluating the e-folding length scales
(L, L), which are summarized in the table below;

U Jan-Mar Apr-Jun Jul-Sep Oct-Dec
Lx(km) 252.221 319.803 354.097 564.447
Ly(km) 301.431 537.865 755.1 856.935
\%

Lx(km) 291.357 383.813 740.111 717.509
Ly(km) 218.158 401.315 505.778 714.488

* The e-folding length scale I®oth anisotropic and seasonally dependPiuts created
prior to averaging in the xand y directions alsondicate regional dependencies in the
length scales, due to the fact that Antarctic sea ice does not simply comprise an annulus.
Motion within the two primaryGyre circulations (i.e. in the Weddell ambss Seas)
have different length scales.

4. Summary of Comparisons

As describedabove,performance of the motion retrievatgas been considered through
guantitative comparisons with drifting buoys and to a lesser degie&SAR, NSCAT, and
modeled motions, angualitativelythrough comparisons to sésvel pressurdields, winds
and ice model outputAll investigators findgood agreement witlsealevel pressure (SLP)
fields, using primarily NCEP and ECMWF reanalyses. Discrepanciean befound in
some comparisons afdividual days, which may indicaterrors inthe pressure fields.
Typically, additional details of thiee motion can beseen inthe microwave-derivedields
than can be inferred from the lower-resolution SLP data. The SSM/I-derl@aity grids
cover areas where consistent buoy data are not available. Such areashwityamaverage
include the Kara Sea, Hudson Bay, Baffiay, Bering Sea and Sea of Okhotsk,vasl as
much of the Southern Ocean.

On average, bias in the ice motion derifiein 85 GHzdataappears to bemall, although
errors indisplacement estimates in Fram Strait contribute substantiatlyetoneanbias.
The standarddeviation of theerror (differencebetweenbuoy andSSM/I displacements)
ranges from about 3 cmissing 4-daydisplacements to about 5 to 6 crosing 1-day
displacements. Correlations are abOut - 0.8. Errorsare greatefor 37 GHz-derived
motions, but the increase in error versus&@%z is lesshan might be expectegiven that
the dataresolution is about halhat at 85GHz. Someregional and seasonsgériations
appear in therror statistics, asvell as variations related to iceoncentration. Since the
distribution ofbuoys isnot random, variesrom year toyear,and does notover allareas
sampled by the SSM/I motions, at least some of the variations in statistics may be related to
the available sample of buoys.
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5. Conclusions

All of the approachediscussechere serve to demonstrate the feasibiityd utility of
deriving icemotion from passivenicrowavedata. Three of thgroups usevariants of the
cross-correlatiortechnique, with thefourth group usingwavelet analysis. The cross-
correlation methods differ mainly in the degree of oversampling used, the approaches for
filtering ice vectors to remove outlierand thetime interval betweeimagesused for the
displacement calculationsError statistics compared touoys are similar amongall the
studies. Qualitativecomparisons of examples froeachgroup suggestthat each method
generates a similar number of SSM/I-derived vectoRetrieval of vectorsduring late
spring throughlate summer remains @roblem, but the wavelet approach, angerhaps
improved filtering methods for MCC-derived vectors, may progidee usefutlataduring
this period. The utility of the 37 GHz data allow motions to be estinfiate®79-present.
Ice transport patterns consistent with winds can be seen in motions sampitehats as
fine as 24 hours, but the noise level of daily displacements is high. Reductienrafarly
Gaussian noise througime averaging is effective @roducing usefumean fields and
climatologies.

5.1 Future Work

Data volume issmall enough, and algorithms af@&st enough, tgermit generation of
multiple years of motionvectors with afairly small computation effort. In terms of
continued work on methods, mosttbe comparisons talatehaveemphasized thérctic.
Additional work is needed tdurther assessperformance in the Antarctic. Additional
summations of accuracies as a function of region, season, and ice condititvep guide
potentialuses ofthe data,and are needetbr data assimilatiorefforts. Methodswill
continue to be refined, and combinations of methods to overcome limitations ienmidee
retrievalsduring marginal conditions ipossible. Morevork is likely to be warranted to
document whether orbitalata,rather than th4-houraveragedlBs used byeach group,
offers significant improvements.Such improvements might be expectefor locations
where ice velocitiegnd rotation are largésuch as Fran®trait and marginaice zones)
and/orwhen variableatmospheric conditions anelt cause decorrelation of TB patterns
from one day to the next.

It can be expected th@mphasiswill shift from algorithmdevelopmentand testing to
addressareassuch as methods aherging or blending vectorfsom different datatypes
(buoys, SAR, scatterometer, and AVHRR), and to applications aetmaotion data. Each
group isinvestigating differentimethods or various aspects of tlesuesinvolved in
combining data sets. Optimal interpolation of SSM/I velocities to fill in gaps in the data and
to merge the&sSM/I displacementsvith buoy observationrasbeen performed bgeveral

of the investigators.However,the best procedure tase,and thenecessary information to
achieve best results, remains to be determirteat. example, M.Drinkwater hascalculated
correlation length scales, which are neeftedoptimal interpolation of Antarctic datsets.

He findsthat further analyses of regional dependencies musinbestigated tofind a
solution for generating seamless Southern Oeaéde gridded productsyithout having to
regionally compartmentalize the data for optimal interpolation. C. Fdaded this to be

the case when generating a multi-ytsane series ofinterpolated 85GHz vectorsfor the
Antarctic. In this case, interpolation introduced errors in the Pdf@einsulaarea,and the
strong gyremotion in the Antarctic limited the accuracy agsumptions of isotropy in the
correlation field. H. Liu et al. (1998) suggest the use of data assimilation as a blending tool.
In keeping with this, W. Meier, Maslanik and C. Fowlehaveconducted an assimilation
study using an Arctic ice model and 6 yearslafy SSM/I displacements. They finithat
assimilation of SSM/I data yields motion fieldswith lower meanerror and higher
correlationrelative tobuoysthan either th&sSM/I or modeled motions alone. TRgnew
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has applied the individual motion fields to case studies of ice-atmosphere interactions. His
work showsthat combining motion vectorsith imagery allows interpretation of features
such as very large arektensive leadsisible in theSSM/I gridded TBs. Other suotase
studies point out potential discrepancies in the modeled sea level pressure fields.

It is important to note that nsingle processingnethod and data-combination approach is
likely to be besfor all applications of théce motion data. For example,some users may
prefer a highly-filtereddataset while otheruserswill wish touse adatasetwith as little
post processingpplied agossible. Anexample ofthis contrast ighe requirements of
motion fields for model evaluation versus fields for data assimilati@n.the formeruse, a
heavily-processed datset consisting of blendedkectors in theform of climatologies or
monthly means may bmost useful. However, for assimilation, the minimum amount of
filtering, averagingand mergingwith other datatypes istypically desirable. Even in the
case of modelingsome usersnay wish to employ gridded motion fieldsith filtering
based on winds or othancillary information, whileotherusersmay wish touse motion
data unmodified by such information.

Planned launch of thAMSR sensor,with spatial resolutiorfor each channetoughly
doublethat of SSM/I and with lower-frequency channelsith resolution comparable to
SSM/I's 37 GHzdata, will offer the potentiafor substantially improved datsets. The
improved resolution should yield displacemenith standarddeviations ofperhaps 2 to 3
cm/s compared tbuoys. Based othe SSM/I results, it appears likelyhat asingle-
channel,enhanced-resolution passimgcrowavesensor such as h&eendiscussed as an
experimental satellite could offer accuracies to within 1 cm/s for most of the year.
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