IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 40, NO. 6, JUNE 2002 1241

Validation of Sea Ice Motion from QuikSCAT with
those from SSM/I and Buoy

Yunhe Zhao, Antony K. Liu, and David G. Lon&enior Member, IEEE

Abstract—Arctic sea ice motion for the period from October of time. The instrument differences between QuikSCAT and
1999 to March 2000 derived from QuikSCAT and special sensor NSCAT lead to significantly different spatial and temporal sam-
microwave/imager (SSM/I) data using the wavelet analysis method )inq characteristics, and it is for this reason that QuikSCAT ice
agrees well with ocean buoy observations. Results from QuikSCAT fi lidation i ’ ired. NSCAT is a fan-b it
and SSM/I are compatible when compared with buoy observations mo 'Or_] Va_' a 'On IS required. h i !S atan- e‘?‘m SC? erom-
and Comp|emen’[ each other. Sea ice drift merged from da||y re- eter with fixed azimuth but variable |nC|dence, while QUlkSCAT
sults from QuikSCAT, SSM/I, and buoy data gives more complete has fixed incidence and variable azimuth.
coverage of sea ice motion. Based on observations of six months of Satellite observations provide more complete and routine
sea ice motion maps, the sea ice motion maps in the Arctic derived coverage of polar region than observations from any other

from QuikSCAT data appear to have smoother (less noisy) patterns . L
than those from NSCAT, especially in boundary areas, possibly M€ans, and they have been used by several authors in deriving

due to constant radar scanning incidence angle. For late summer, Polar sea ice drift (e.g., see [2] and references cited there).
QuikSCAT data can provide good sea ice motion informationinthe The efficiency and utility of wavelet transform in analyzing
Arctic as early as the beginning of September. For early summer, nonlinear dynamical ocean systems has also been documented
QuIKSCAT can provide at least partial sea ice motion information j, saveral papers ([2] and references cited there). In Section I,
until mid-June. In the Antarctic, a case study shows that sea ice . . . . .
motion derived from QuikSCAT data is consistent with pressure wavelet gnalyss for ice feature tracking and sea ice motion
field contours. from QUuikSCAT and SSM/I data are presented. Wavelet
analysis results from QuikSCAT and SSM/I are compared
with the ice motion derived from buoys for validation in
Section 1ll. Section IV deals with the potential application of
QuikSCAT data in summer ice tracking. Section V is devoted to

. INTRODUCTION a sea-ice-tracking case study for the Antarctic using QuikSCAT
UIKSCAT, a “quick recovery” mission to fill the gap cre-data. The results and applications of satellite-derived sea ice
Q ated by the loss of data from the NASA Scatteromet&potion are discussed and summarized with previous NSCAT
(NSCAT), when the ADEOS-1 satellite lost power in Jun@nd SSM/I data in the final section.
1997, was launched on June 19, 1999. QuikSCAT is an active
sensor, and the sensor footprint is an elligg§ekm x 37 km.
In both the Arctic and the Antarctic regions, repeated footprints
of the satellite make it possible to construct QuikSCAT images A sea-ice-tracking procedure based on wavelet transform of
with a 12.5 km grid and finer resolution (e.g., see [1]). In thigatellite data and its error analysis have appeared in [2]-[4]. The
paper, the daily (estimated over a four-day sliding window fastfect of wavelet transform is a bandpass filter with a threshold
the Arctic and over a one-day sliding window for the Antarcticior feature detection. For the details of the procedure, we refer
sea ice motion derived from QUlkSCAT USing an ice-traCking;aders to [2]_[4] In this Study, the same procedure is app“ed
algorithm based on wavelet transform is demonstrated, and {§&QuikSCAT and SSM/I data with a few modifications. For the
applications of the daily sea ice motion are indicated. The URrctic, QuikSCAT images with 12.5 km pixel size are first con-
certainty of QUikSCAT-derived sea ice motion is determinegtrycted from QuikSCAT Level 2A data, and SSM/I images are
from validation with those fronin situ buoy data and Defense gptained from SSM/I compact discs. QuikSCAT Sigma-0 data
Meteorological Satellite Program (DMSP) special sensor Mzs an incidence angle either around 54.@4polarization) or
crowave/imager (SSM/I) observations during the same perigghund 46.4% (h-polarization) within=0.5°. Only v-polariza-
tion Sigma-0 data with an incidence angle around 54 a4
" - ed Aoril 12. 2001 revised Aoril 3. 2002. Th ‘ used in the construction of QuikSCAT images because of its
Ocegzlilseccr;gr r\/e\/(i:r?cllvgcierrl)ge Team (O,Vrs\\/nss% Prgjrtlact’and was ;,?J;\;v;;)orrt;vdaé)? ﬁgtter coverage. Areas indicated by sea ice flags in QU|kS¢AT
National Aeronautics and Space Administration. data as land, open ocean, or no-data areas are masked in the
Y. Zhao is with Caelum Research C_orporation and also with the Oceans qmlages_ For the Antarctic case study, the QuikSCAT data are
'(Ze_’ngﬁ‘:n;&’]#egﬁegt%i?észﬂﬁz.';l(')%;‘.t Center, Greenbelt, MD 20771 U3t ocessed with a scatterometer image reconstruction (SIR) res-
A. K. Liu is with the Oceans and Ice Branch, NASA Goddard Space Fligialution enhancement algorithm to a pixel resolution of 4.45 km
Center, Greenbelt, MD 20771 USA (e-mail: liu@neptune.gsfc.nasa.gov). from QUIKSCAT Level 1B data [1], and sea ice extent is de-
D. G. Long is with the Electrical and Computer Engineering Departmer‘stermined using the method of [5]. The QuIkSCAT design spec-
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absolute and 10 km (rms) relative. However, the actual perfol
mance is currently estimated to be better than 6 km (rms) al
solute and less than 1 km (rms) relative with bias dominating
the total error [6]. Thus, QuikSCAT has very high precision
measurement locations, far exceeding its design specificatiol
and enabling the application of resolution enhancement alge
rithms. For both cases, wavelet transform is then applied to tt
satellite image at various scales to separate various ice textul
or features. In the Arctic, two tracking regions are considerec
coast/bay for fast ice motion (with a two-day sliding window),
and central Arctic for slow ice motion (with a four-day sliding
window). Template matching is performed with the results fron
the wavelet transform of the images between day 1 and day 5 f:
the central Arctic and between day 2 and day 4 for the coast/bg,
Inthe Antarctic, template matching is performed with the result:
from the wavelet transform of the images between day 1 and d:
2. For both cases, velocities are estimated by dividing the di¢
placement over the time interval. Finally, the sea ice drift maj
can be merged by block average with outlier filtering. The out; "
lier filtering after block average is performed as follows: at any ¥+ #%: '-'-’F*-\l Ly,
location, the mean velocity of nine neighboring ice velocities is @
computed. If the angle between the mean ice velocity and the
ice velocity at the location is bigger than a certain degree, the - B
the ice velocity at the location is discarded. -

Fig. 1(a) and (b) show sea ice drift maps of the Arctic Oceal %
for November 5, 1999, derived from SSM/l and QuikSCAT data =1
respectively, where thin white arrows indicate velocities derive:
from satellite data, while thick white arrows indicate velocities
derived from buoy data. Two circulation patterns—one in the
Beaufort Sea and the other across the Chukchi, Beaufort, al
Laptev Seas—are clearly observed in the maps. The ice moti
converges in an area between the Chukchi Sea and the Beaut
Sea. Notice that velocities derived from both QuikSCAT anc
SSM/I data agree well with those from buoy data. Wavelet trans
form scales used in deriving these images from QuikSCAT an
SSM/I data are based on parameter study and testing and &
1.0,2.42,and 2.828. The resultant ice velocities have been blo
averaged to 400 km x 100 km grid with outlier filtering. The
empty areas with no velocity in the map indicate the region. . :
where the tracking procedure cannot be used, since no matchi ‘*

o

templates between the time periods can be determined. Cleal v, 08, "-’F"Iﬁ ,
the ice motion maps derived from QuikSCAT and SSM/I datz B
for November 5, 1999 are complementary to each other. The re- (b)
gions without ice velocity data from QuikSCAT and SSM/I areig. 1. Arctic sea ice drift maps of the Arctic basin in a grid of 20000 km

generally not colocated, since the QuikSCAT and SSM/I dadlgrived from (a) SSM/I 85 GHz radiance data and (b) from QuikSCAT data on
d to diff t ohvsical feat . f h November 5, 1999. Thin white arrows indicate velocities derived from feature
correspond to dirrerent physical 1eatures: surface roughness gy ing using wavelet analysis, while thick white arrows indicate velocities

brightness—temperature anomalies, respectively. For the periogh buoys.
from October 1999 to March 2000, based on the observations

of sea ice motion maps, the patterns of motion from QuikSCAT ., . . : i .
appear smoother than those from SSM/I. in this paper we compared QuikSCAT- and SSM/I-derived ice

velocities with buoy data in the same period. Section VI dis-
cusses and summarizes a six-month data comparison between
IIl. DATA COMPARISONS QuikSCAT, NSCAT, and SSM/I with buoy-derived ice drift.

Liu et al.[2] has made a detailed quantitative comparison be-To quantitatively compare the ice drift derived from
tween the ice drift derived from NSCAT and SSM/I, with thosQuikSCAT and SSM/I data with buoy data, for each ice
from buoy data for November and December, 1996. They foumdlocity derived from buoy data, the closest (within 50 km)
that ice drift derived from NSCAT or SSM/I agreed well quansatellite-derived ice velocity is identified. Since the pixel
titatively with those from buoy data. Following their approactsizes of both QuikSCAT and SSM/I images for the Arctic are
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Fig. 2. QUuikSCAT versus buoy (a) ice speed and (b) ice drift direction iRig. 3. SSM/I versus buoy (a) ice speed and (b) ice drift direction in November
November and December, 1999. The dashed line indicates a perfect fit. ~ and December, 1999. The dashed line indicates a perfect fit.

12.5 km, and since a four-day sliding window is used in thidovember and December, 1999, is 2.32 cm/s with 489 data
ice-tracking procedure, the minimum discernable displacpeints, as shown in Fig. 2. The proximity of the linear fit to
ment is 6.25 km in four days, or 1.8 cm/s, and the maximuthe dashed line (the ideal fit) shows that there is an extremely
displacement error due to the resolution is 626414 km good match for speed. The rms direction difference is 29.82
in four days, or 2.5 cm/s. The uncertainty of sea ice trackinthis comparison result is consistent with the one between
from satellite data also includes other factors, such as theoy-derived and NSCAT-derived ice velocities for November
displacement noise due to the grid cell size quantization (s&ed December, 1996 in [2]. Fig. 3 shows that the rms of
[2], [8], [9] for more detail). Moreover, ice velocities derivedthe speed difference and the rms of the direction differences
from satellite data have larger direction errors for slowlpetween buoy-derived ice velocities and SSM/I-derived ones
moving sea ice features because location errors of end-poiftisNovember and December, 1999 are 2.27 cm/s and 35.46
have more significant effects for shorter displacement vectoespectively, with 410 data points. This comparison result
[2]. Therefore, buoy-derived ice velocities with speed less also consistent with the one between buoy-derived and
than 2 cm/s are not included in the comparison. The ro86M/I-derived ice drift for November and Decembe, 1996 in
mean square of the speed and direction differences betw§2n Note that the comparison results between QuikSCAT and
all buoy-derived velocities with speed greater than 2 cm/s abhdoy and between SSM/I and buoy are comparable, although
their corresponding QuikSCAT- or SSM/I-derived velocitiethe rms of the direction differences between SSM/I-derived
are computed for November and December, 1999. and buoy-derived ice velocities is slightly larger than between
The root means square of the speed difference betwd&@uikSCAT and buoy.

buoy-derived ice velocities with speed greater than 2 cm/sSince the ice velocities derived from QuikSCAT and SSM/I
and their corresponding QuikSCAT-derived ice velocities fare comparable and complement each other, the three ice drift
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Fig. 4. Merged Arctic sea ice motion map on November 5, 1999. Fig. 5. Arctic sea ice drift map of the Arctic basin in a grid of 20@.00 km
derived from QuikSCAT data on September 2, 1999. Thin white arrows
indicate velocities derived from feature tracking using wavelet analysis, while

results from QuikSCAT, SSM/I, and buoy can be merged tBick white arrows indicate velocities from buoys.
generate composite maps with more complete coverage of sea

ice motion. Fig. 4 shows a merged sea ice motion map fairection differences between them is 46.3towever, SSM/I
November 5, 1999. Clearly, the merged sea ice motion mggta are not able to provide as much sea ice motion informa-
has more complete coverage of sea ice motion than Fig. 1fiah as QuikSCAT in September, 1999. For the early summer of
and (b). In merging sea ice velocities derived from QuikSCAB000, QuikSCAT is able to track sea ice motion at least partly
buoy, and SSM/I, buoy-derived ice velocities are merged witBbout 50%) in the Arctic until June 15, 2000.

their closest satellite-derived ice velocities (they are usually not

in the same locations), and a weighted-average has been applied V. ANTARCTIC CASE

with weights of 1/3,1/2, and 1/6 assigned to QuikSCAT, ) )

buoy, and SSMII, respectively. The assigned weights are basel/avelet-transform-based ice tracking has been used to de-
on the estimated uncertainties for each instrument (e.g., rifi¢ Sea ice motion in the Antarctic using SSM/I data [3]. As a
values). The time series of the merged daily sea ice drift mafSe Study, this procedure is applied to QUIkSCAT data to de-
for the period from October 1999 to March 2000 (not showrive sea ice motion in the Antarctic on October 4, 1999. In the

indicates that the ice motion field changes significantly fofntarctic, sea ice tracking is much more difficult than in the
every four to seven days. Arctic because most of the sea ice cover is formed of smooth

first-year ice with only a few small-scale and short-lived fea-
tures to track. Since around the Antarctic continent the sea ice
is free to drift without a land boundary, the sea ice variability
During the Arctic summer, because of melting and pondingnd motion in the Antarctic are generally much larger than in
two sequential daily satellite images may appear very differethie Arctic basin. Therefore, to track the ice texture and resolve
in their numbers of features and their sizes and shapes. Théhe-ice drift velocity, QuikSCAT egg images of the Antarctic
fore, feature tracking based on finding common features in twath a resolution of 4.45 km through enhanced processing by
sequential images is difficult during the summer months. Howke Scatterometer Climate Record Pathfinder (SCP) project at
ever, in early summer, before melting becomes very rapid aBdgham Young University, UT, [7] together with a one-day
in late summer when sea ice melting slows down and a naliding window, are used to obtain better results. Since there
sea ice is beginning to form, QuikSCAT is capable of providinig insufficient data to perform a comprehensive validation in
sea ice motion information using the wavelet-transform-bas#dte Antarctic, sea ice velocities derived from QuikSCAT data
ice-tracking procedure. Fig. 5 shows the sea ice motion map dethe Antarctic on October 4, 1999 are compared with mean
rived from QuikSCAT data for September 2, 1999. The sea isea level pressure field contours derived from National Oceanic
motion pattern from QuikSCAT agrees quite well with sea icAtmospheric Administration (NOAA) National Center for En-
drift derived from buoy data, although there are some emptironmental Prediction—National Center for Atmospheric Re-
areas in the map. For September, 1999, the rms of the speedsifarch (NCEP-NCAR) Climate Data Assimilation System 1
ferences between QuikSCAT-derived and buoy-derived ice (&DAS-1) daily intrinsic mean sea level pressure data of the
locities is 3.80 cm/s with 245 data points, and the rms of tleame day as shown in Fig. 6, where white arrows are the sea

IV. SUMMER ICE TRACKING IN THE ARCTIC
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et O, 1599 © 20 casec (Tee) It is clear that sea ice motion products derived from SSM/I,
- Low, 9 - High (MSL Pressurel  NSCAT, and QuikSCAT data have very good quantitative
3 agreements with the ice motion products derived from buoy
data. But, the sea ice motion products derived from NSCAT and
QuikSCAT data are slightly more accurate than that derived
from SSM/I data because both NSCAT and QuikSCAT are
active sensors and do not suffer from cloud and atmospheric
effects. Also, the results from NSCAT and QuikSCAT are
very consistent. The rms of the direction difference between
NSCAT-derived and buoy-derived ice drift for the period
from October, 1996 to March, 1997 is slightly better than that
between QuikSCAT-derived ice velocities and buoy-derived
ones for the same winter period in 1999 and 2000. But keep
in mind that the rms are for two different periods and that the
ice motion in the central Arctic during winter 1999 has a very
slow motion, and so the ice-tracking results are less accurate.
In fact, based on the observations, the ice motion maps from
QUuikSCAT data appear to have smoother patterns than those
from NSCAT, especially in boundary areas, e.g., in the Kara
and Barents Seas where there is no buoy for comparison.
. A The smoother patterns may be due to the fact that QuikSCAT
“d Y ey data have constant scanning incidence angles, eliminating
- a potential error associated with incidence angle correction
Fig. 6. Composite map of mean sea level pressure field contours and seaaréépc!aFed W'Fh the constr.uctlon of satellite |m§ges and thus
velocities derived from QuikSCAT data in the Antarctic on October 4, 1999. Minimizing noise and tracking error. The comparison suggests
that merged sea ice motions from QuikSCAT, SSM/I, and
TABLE | buoy data are suitable for the computation of deformation. A
COMPARISON OFSATELLITE -DERIVED AND BuoY-DERIVED SEA IcEMoTion  Method for computing and comparing divergence and shear at
NSCAT | OwikSCAT | SSMi ssvr T ssvi the large scale betyv_een buoys qnd SSM/I has been d_eveloped
(10/96. (10/99- (1092- | (10/96- | (10/99- by [10], and the minimum rms difference fqr deformat_lor) are
03/97) 03/00) 03/93) | 0397) | 0300 found to scale with the temporal and spatial uncertainties of
RMS (speed [ 2.86 cm/s [ 2.85cm/s | 2.54 cm/s 297 cny/s[2.83cnys the SSM/I, suggesting that even better results can be achieved

difference) _ _ _ _ _ with higher-resolution instruments such as AMSR (advanced
RMS 25518 28.25¢ 2709 30632 1 3307 microwave scanning radiometer).
(direction
difference)
Points 1029 1360 2196 1059 1040 ACKNOWLEDGMENT
All buoy-derived sea ice velocities with speed less than or equal to 2 cm/s
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VI. DISCUSSION Daily Intrinsic MSL pressure data are downloaded from the

To further examine satellite-data-derived sea ice motiofR/LDEO Climate Data Library at Columbia University,
Table | summarizes some six-month comparison results '§FW YOrk.
sea ice motion derived from SSM/I, NSCAT, and QuikSCAT
with those derived from buoy data for different periods. For all REFERENCES
comparison pgrlods, th_e_ rms of the speed dl_fferenceS betwee p. s. Early and D. G. Long, “Image reconstruction and enhanced res-
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. . . [2] A.K.Liu,Y.Zhao,andS.Y.Wu, “Arctic sea ice drift from wavelet anal-

them are around 30 Moreover, all satellite-derived sea ice
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motion data sets are consistent and comparable. Res, vol. 104, pp. 11529-11538, 1999.
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