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Evaluation of High-Resolution Ocean Surface
Vector Winds Measured by QuikSCAT
Scatterometer in Coastal Regions
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Abstract—The SeaWinds scatterometer onboard QuikSCAT
covers approximately 90% of the global ocean under clear and
cloudy condition in 24 h, and the standard data product has
25-km spatial resolution. Such spatial resolution is not sufficient
to resolve small-scale processes, especially in coastal oceans. Based
on range-compressed normalized backscatter and a modified
wind retrieval algorithm, a coastal wind dataset at 12.5-km resolution was produced. Even with larger error, the high-resolution
winds, in medium to high strength, would still be useful over
coastal ocean. Using measurements from moored buoys from the
National Buoy Data Center, the high-resolution QuikSCAT wind
data are found to have similar accuracy as standard data in the
open ocean. The accuracy of both high- and standard-resolution
winds, particularly in wind directions, is found to degrade near
shore. The increase in error is likely caused by the inadequacy
of the geophysical model function/ambiguity removal scheme
in addressing coastal conditions and light winds situations. The
modified algorithm helps to bring the directional accuracy of the
high-resolution winds to the accuracy of the standard-resolution
winds in near-shore regions, particularly in the nadir and far
zones across the satellite track.
Index Terms—Coastal ocean, scatterometer, vector wind.

I. INTRODUCTION

T

HE SeaWinds scatterometer onboard of the National
Aeronautics and Space Administration (NASA)
QuikSCAT satellite has been successfully collecting data
since July 1999. The SeaWinds radar system sends microwave
pulses to, and measures the power backscattered from, the
earth’s surface. The backscatter is largely determined by the
roughness of the surface, which is, over the ocean, due to the
small centimeter-scale waves. The idea of remote sensing of
ocean surface winds was based on the belief that these ripples
are in equilibrium with the local wind stress. The backscatter
depends not only on the magnitude of the wind stress but also
the wind direction relative to the direction of the radar beam
(azimuth angle). The capability of measuring both wind speed
and direction is the major characteristic of the scatterometer.
The quality of the scatterometer vector wind fields has been
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rigorously validated [1]–[3] and applied to various scientific
applications [4].
The QuikSCAT standard wind product [5], with 25-km
resolution, is derived from normalized backscattered power
returned from an ellipsoidal instantaneous antenna footprint
(so-called “egg”). The 25-km spatial resolution is not sufficient for studying many interesting oceanic processes, such as
storms, fronts, and coastal upwelling. The radar signal-processing system on SeaWinds/QuikSCAT has implemented
the technique of range compression of a backscattered signal
[6]. Using onboard filtering, the “egg” can be divided into
smaller, contiguous “slices.” The computation of backscatter
and wind from “slices” will, in principle, provide higher spatial
resolution. Case studies have demonstrated that high-resolution
vector wind retrieved from “slices” reveals new features in
Hurricane Floyd [7], Catalina Eddy [8], and Santa Ana Winds
[9]. Because “slices” are expected to be noisier than “eggs,”
our first objective of this study is to assess any degradation in
the wind fields introduced by using “slices” instead of “eggs.”
Spatial resolution is particularly important to resolve the high
variability of coastal winds under the influence of land. In the
standard QuikSCAT data processing, measurements with any
part of its footprint touching land were excluded in the wind retrieval. This results in a data gap within 25 km from the shoreline. Although this very stringent criterion ensures that the retrieved wind will be completely free from land contamination,
it also excludes large amounts of data in areas crucial to coastal
study. Our second objective is to explore how to relax the land
contamination criteria and preserve some useful wind measurements in the 25-km zone from the shoreline.
Many efforts have been devoted to producing high-resolution
QuikSCAT vector wind fields. Long et al. [10] demonstrated
the ability to retrieve ultra-high-resolution wind based on scatterometer backscatter estimates created by applying image reconstruction/resolution enhancement technique. Chao et al. [11]
created high-resolution wind for coastal oceans by combining
scatterometer measurements with a regional mesoscale model.
The QuikSCAT project produces wind at 12.5-km resolution in
near-real time for operational forecast, using a similar approach
as this study based on “slice,” with a simplified backscatter averaging scheme and different land contamination criteria.
In this study, the standard wind retrieval process was modified to retrieve vector wind at 12.5-km resolution from “slices”
under relaxed land contamination criteria. We processed data
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in the domain along the west coast of North America, from
May to October 2002. Details on how the high-resolution wind
data was produced will be described in Section II. The product
was evaluated using measurements from National Buoy Data
Center (NDBC) moored buoys, and compared with the standard
QuikSCAT product. Realizing the fundamental difference between scatterometer (spatial average of instantaneous measurements) and buoy (temporal means of measurements at a fixed
point) [2], [12], the evaluation was conducted from several perspectives, as presented in Section III.
II. HIGH-RESOLUTION QUIKSCAT DATA
The data algorithm for SeaWinds is originally designed
for the NASA Scatterometer (NSCAT). In the standard data
measurements is deproduct, the spatial resolution of the
termined by the dimensions of the antenna beam footprint on
the earth surface, i.e., “beamlimited.” The conically scanning
dual “pencil-beam” system produces an egg-shaped footprint
on the earth’s surface of dimensions about 25 km 35 km.
All the independent “looks” returned from the footprint were
used to compose a single “egg”
measurement. “Eggs” were
then grouped into wind vector cells (WVCs) on regular grid at
25-km resolution along and across the satellite track in terms of
the location of the footprint centroid. Wind speed and direction
are retrieved from
measurements through a geophysical
model function (GFM). Variance of the measurement, which
related to the number of “looks” available in the footprint,
directly affects the performance of wind retrieval algorithm.
The spatial resolution of the QuikSCAT standard level 2B
ocean vector wind (commonly called L2B, will be referred to
as LR in this paper) is determined by the smaller dimension
(25 km) of the footprint.
With the range compression filtering implemented on SeaWinds/QuikSCAT, each “egg” is resolved into several “slices”
[6]. Instead of the whole footprint, all the “looks” within each
measurement. If
slice now are used to compose a “slice”
each footprint is divided into five slices, the effective spatial dimension becomes 25 km 7 km. Portabella and Stoffelen [13]
compared two sets of QuikSCAT data (both at 25-km resolution) based on “egg” and “slice,” respectively, and found that
although their maxima of a likelihood estimate (MLE) distributions were very different, the quality of retrieved winds was
similar. When “slices” are used for high-resolution wind retrieval, it is expected that the 12.5-km wind fields have more
intrinsic noise than the standard products, due to fewer measurements used. The question is to what degree such degradation is
tolerable.
Based on “slices,” we produced high-resolution wind data
(HR) using basically the same algorithm of LR. “Slices” are
grouped into WVCs, depending on the center location of the
“slice,” on a finer grid (12.5 km) along and cross the satellite track. For low-resolution data, the land contamination criterion was to screen out any footprint that “touches” land [5].
This was relaxed in the high-resolution wind processing to include “slices” whose centers are over the water. Up to four am-
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biguous wind vector solutions are produced through GMF corresponding to the local MLE. However, the relative likelihood
estimates alone are not sufficient to choose the unique wind solution, due to inaccuracies in measurement and model function.
Information from surrounding WVCs are then incorporated in
the ambiguity removal process based on assumption that an individual wind vector should fit in the geophysical wind pattern
in the surrounding local area. A spatial median filter is applied
iteratively to select a single wind vector from the ambiguities
that is closest to the median of the surrounding 7 7 WVCs. It
is noted that when the median filtering process approaching the
shoreline, only part of the filtering area is filled with available
data.
For QuikSCAT, the rate at which the likelihood value drops
off from the maxima varies with cross-track distance. There are
zones in the data swath where the likelihood estimates are very
similar over a large range of wind direction. The direction interval retrieval (DIR) algorithm [14] was developed to address
this problem. Instead of selecting wind vectors from a set of
discrete solution set corresponding to local MLEs, DIR finds the
wind direction along a one-dimensional segment of a best speed
ridge around the local MLEs to the best fit in the wind pattern in
the area. QuikSCAT wind data at low/high resolution with DIR
modification will be referred as LRD and HRD, respectively.
Scatterometer measured winds were collocated with NDBC
buoy measurements to produces a database for evaluation. The
hourly buoy vector winds are based on an 8-min average, with
RMS error of 1.0 m/s and 10 [15], [16]. We identified 23 buoy
stations, as shown in Fig. 1. Among them, 18 buoys are near
shore, with the distance from the shoreline ranging from 14–80
km, and the other five stations are more than 400 km away from
the land, considered representing offshore or open ocean conditions. Buoy wind speeds measured by anemometers at various
heights were converted to equivalent neutral wind [17] at 10 m.
Collocation criteria are within 25-km distance from buoy locations and within 30 min. The database consists of around 22 000
HR-NDBC pairs near shore, 16 000 pairs offshore; and 8500
LR-NDBC pairs near-shore, 4500 pairs offshore.
III. EVALUATION RESULTS
A. Vector Wind Accuracy
Our first effort is to assess quantitatively any degradation of
HR from LR through comparison with buoy measurements. Results presented in this section are based on scatterometer winds
selected by the ambiguity removal algorithm [5], not the one
closest to buoys. As stated in Section II, HR was expected to be
less accurate than LR, due to noisier backscatter used in wind
retrieval. Table I summarizes the statistics of comparisons between LR, HR, and buoy data. Generally speaking, the quality
of HR is similar as LR, in the sense that both perform much
better in open ocean than near shore. Offshore, the bias and
RMS difference (RMSD) for (LR-buoy) are 0.2, 0.95 m/s in
speed, and 4.83 , 17.41 in direction. The corresponding values
for the HR-buoy are 0.42, 1.14 m/s in speed, and 3.98 , 22.83
in direction. Although not as good as LR, the accuracy of HR
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Fig. 1. Location of 23 NDBC buoys used in evaluation, among them five buoys
representing open ocean conditions (blue square symbols), and 18 along the
west coast of North America representing near-shore conditions (red diamond
symbols).

satisfies or was close to the instrument specification of 2 m/s
and 20 . Fig. 2 shows the residuals (scat—buoy) dependence on
buoy wind speed. Data was binned into 1-m/s bins of buoy wind
speed. The functional forms for HR are very similar to those of
LR in both speed and direction, except in the light wind range
m/s , where HR presents much large residuals. In the
medium to high wind strength, the residuals of HR and LR converge, and RMSD in direction decreasing in both HR and LR.
Performance near shore is obviously worse than offshore.
However, problems exist for both LR and HR near shore. Actually, statistics show that HR is not significantly worse than LR at
near shore. For LR, the bias and RMSD are increased to 0.70 and
1.50 m/s in speed, 5.5 and 26.9 in direction, corresponding to
values in HR of 0.93, 1.83 m/s in speed, and 4.71 , 31.15 in
direction. Although speed accuracy could still satisfy specification, the direction retrieved for both LR and HR could not. This
indicates the difficulty in remotely measuring the vector wind in
coastal regions, where ocean–atmosphere interactions are modified by land.
In an attempt to assess the impact of relaxing the land contamination criteria, the statistical analysis was repeated on HR
by excluding data within 25 km from the shoreline, which is
around 15% of the total records in the near-shore database. The
statistical results were included in Table I. The residual dependence on wind speed (not shown) was between the two curves
in Fig. 2, closer to HR curve at low speed. The bias and RMSD
are 0.77 and 1.62 m/s in speed, and 5.41 , 29.88 in direction,

Fig. 2. (Top) Dependence of wind speed and (middle) direction residuals
(scat-buoy) on the buoy wind speed at (left) offshore and (right) near-shore
locations, respectively. In bins of buoy wind speed of 1 m/s, the upper two
panels show (symbols) the mean and (vertical lines) standard deviation, and
the low panel shows the number of pairs for QuikSCAT data LR (black) and
HR (red).

with negligible difference from those with coastal zone data included (HR). This implies that the change we made in land contamination criteria does not introduce a large error in the simple
statistical comparison. However, it is clear from Fig. 2 that light
wind does contribute a lot to the residual. Statistical results from
excluding records of buoy wind speed less than 3 and 6 m/s were
also listed in Table I. The wind RMSDs, especially in wind direction, from both LR and HR were much closer to the buoy
estimates after removing light wind.
Fig. 3 depicts the scat-buoy residuals at each buoy station.
Contribution from individual buoy to the overall performance
must be different as indicated by the large range of number
of match-up pairs. However, there are common features worth
pointing out. First, scatterometer wind speeds, for both LR and
HR, are biased high at all locations, with HR a little higher, espatially near shore. Second, directions are clockwisely biased at
most locations except station 46022. Third, the largest residuals
observed at station 46027, which is closest to the land where the
number of data is much less than other stations. After removing
HR data falling within 25 km from the shoreline, the residuals
fit right in between LR and HR (not shown).
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TABLE I
STATISTICAL COMPARISON BETWEEN QSCAT DATA (LR, HR) AND NDBC BUOY WIND MEASUREMENT

In summary, the statistical analysis indicates that the high-resolution (12.5 km) wind retrieved from “slice” satisfies the accuracy specification for scatterometer vector winds in the open
ocean. This provides a justification to reprocess almost four
years of QuikSCAT data that already exists to produce high-resolution vector wind fields over global oceans. Statistics also reveal that the wind retrieval algorithm based on GMF developed
empirically using data in open ocean presents larger error in
coastal oceans, especially in direction, for both standard and
high-resolution data products. Light winds contribute to large
directional error in both open and coastal oceans. Encouragingly, relaxation of the land contamination criteria does not introduce very large residuals. However, due to a small fraction
affected by land, this analysis is not meant to be complete. An
appropriate flag must be included for the wind estimation obtained such way, to alert for extra caution in using the potentially useful information in the critical region.
B. Ambiguity Removal Skill
The large residual between scatterometer and buoy measurements near shore, especially in wind direction, calls for a closer
examination of the ambiguity removal skill. Among up to four
ambiguous solutions, the one selected is not necessarily the one
closest to the buoy measurement. To further identify areas that

need more improvement, the collocated database was divided in
terms of the number of ambiguity. The ambiguity removal skill
shown in Fig. 4 is defined as the percentage of cases where the
ambiguity removal algorithm picks the wind solution closest to
the buoy measurements among the total number of collocated
pairs, as a function of cross-track distance. Integrated cross
track, the HR ambiguity removal skills, at offshore locations,
are 95.7%, 88.8%, and 89.8% for 2-, 3-, and 4-ambiguous solutions respectively. Integration over the ambiguity removal skill
for LR gives 97.7%, 94.7%, and 92.9% for 2-, 3-, and 4-ambiguities. The skill degradation caused by applying the algorithm
to high-resolution wind retrieval in the open ocean is about 2%
to 6%, which is considered acceptable. The lowest skill is seen
around nadir when 4-ambiguous solutions provided.
At near-shore buoy locations, the distributions of scatterometer solution for 2-, 3- and 4- ambiguity cases are quite similar to
offshore, while the number of cases the algorithm failed to pick
the best solution increases. The integrated ambiguity removal
skills across track are 85.2%, 75.5%, and 76.8% for 2-, 3-, and
4-ambiguities for HR, comparing with the corresponding values
for LR of 87.6%, 80.7%, and 79.5%. This loss in skill is found
at the same order assessed in the similar analysis by excluding
data in the 25-km coastal zone. The corresponding ambiguity removal skills, in the near-shore location, are 87.7%, 76.5%, and
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Fig. 3.(Top) Wind speed and (middle) direction residuals (scat-buoy). (Symbols)
Mean average and (vertical lines) standard deviation, as well as number of pairs
at each buoy location (number on top of bar indicates buoy station id), for (red)
QuikSCAT data HR and (black) LR.

77.7%. It is interesting to note that although excluding coastal
data caused the number of collocated pairs reduced by more
than 15%, the skill (solid line) remained very close to those with
coastal data included (symbols), in Fig. 4.
On the other hand, light wind dramatically affects the performance of the ambiguity removal algorithm. After excluding
records with buoy wind speed less than 6 m/s, the integrated
ambiguity removal skill for HR increase to 98.1%, 93.1%, and
92.9% for 2-, 3-, and 4-ambiguities near shore, and 99.2%,
96.2%, and 96.7% offshore. Similar ratios for LR data are
98.9%, 95.5%, and 92.3% near shore, and 99.9%, 99.0%, and
97.8% offshore.
C. DIR Improvement
As seen in Fig. 4, the worst performance area of the ambiguity removal algorithm is around the satellite nadir, where the
ambiguity removal skill is less than 60% at near-shore locations
and 80% offshore. DIR is developed to alleviate the problem in
the swath area where poor viewing geometry leads to greater
random error in wind direction [10]. Using scatterometer data

Fig. 4. Ambiguity removal skill is assessed in cases of 2-, 3-, and
4-ambiguious solutions from top to bottom (left) in the open ocean and
(right) near shore, as a function of cross-track distance. The tops of the bars
represent the total number of pairs in bins of 50 km, and red bars indicate
counts of selected wind vector closest to the buoy measurement. Line plots
show the ambiguity removal skill for (symbol) HR, (off 25 km) (solid line) HR,
and (dotted line) LR. Vertical lines depict zones boundaries.

with DIR modification (LRD, HRD), a set of statistical comparisons similar to that of Section III-A were performed, and
the results are summarized in Table II. As expected, improvement from DIR modification is most obvious in direction retrieval, with RMSD in direction reduced by 1 and 4 in LRD
and HRD, respectively. After removing light wind, the RMSD
reductions are even larger. No significant improvements were
found in wind speed estimation after DIR modification.
To identify areas where DIR modification becomes necessary, collocated records were further divided into three
zones, according to the cross-track distance of scatterometer
measurements: nadir zone (300 km off the nadir track), sweet
zone (400–700 km), and far zone (750–900 km). Presented
in Fig. 5, for each zone, are the cumulative probability
,
defined as the percentage of collocated records with the absolute directional differences between scatterometer and buoy
measurements less than or equal to . It is observed that the cumulative probability curves for LR (red) stay on top in all plots,
representing the best performance among all scatterometer
products in all zones, at both offshore and near-shore locations.
Curves for HR (black) stay lowest, showing the degradation
in the high-resolution product. Blue lines in each plot depicts
derived from HRD, representing directional improvement
in all zones, with greatest improvement in nadir zone and far
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TABLE II
STATISTICAL COMPARISON BETWEEN QSCAT DATA WITH DIR MODIFICATION (LRD, HRD) AND NDBC BUOY WIND MEASUREMENT

zone, where the cumulative probability curves been pushed
amazingly to very close to that of LR. At offshore locations,
in the far zone where only out-beam backscatter is available,
the percentage of scatterometer measurements with 20 or less
directional differences raised from 73% in HR to 86% in HRD,
almost the same as LR. In the nadir zone, where suboptimal
viewing geometry dominates, the percentage of collocated
records with scatterometer–buoy directional difference changes
from 60% in HR to 80% in HRD, even higher than 75% from
LR. At near-shore locations, although overall performance is
much worse than offshore, DIR still demonstrated significant
improvements in wind direction retrieval. For example, the
cumulative percentage of 20 or less directional error is increased from 55% to 67% in the far zone, 57% to 65% in the
sweet zone, and 43% to 53% in the nadir zone. Similar analysis
for wind speed (not shown) does not reveal significant DIR
improvement on HR. One caveat is while DIR greatly reduces
intrinsic noises and improves the wind direction retrieval
for the high-resolution fields, it could also smooth out some
small-scale signals, although in a minimalist fashion.
D. Analysis on Directional Residual
The directional residuals were further analyzed in each subgeometric zones. Collocated records in each subset were binned
in terms of buoy wind speed, with bin size of 1 m/s. Plotted

in Fig. 6 are, for each zone, far, sweet, and nadir (from top to
bottom), the RMSD as a function of lowest wind speed included
in the statistics. Largest wind speed included in the statistics is
25 m/s, but all plots were truncated at speed of 15 m/s, because
there were not enough cases with high wind speed to draw a statistically significant conclusion. A common feature in all plots
is the high-directional RMSD at light wind (less than 3 m/s),
with peaks between 50 and 60 near shore. Directional RMSD
dramatically drops from its peak when speed lower bound increases to around 5–7 m/s.
At offshore locations, as shown in Fig. 6(a)–(c), the directional RMSD for the standard products LR and LRD mostly
stays below 20 for wind speed between 3 and 12 m/s. Only
in the nadir zone does DIR show substantial improvement in directional RMSD. For the high-resolution wind, however, DIR
demonstrates its significant and necessary improvement at all
speed range, especially in the far and nadir zones. With results
from DIR, the lower speed bounds to satisfy the accuracy requirement of 20 RMSE were reduced to less than 3 m/s in far
and sweet zones and to 4 m/s in the nadir zone. In the speed
range from 3–15 m/s, DIR realized 5 to 10 reduction in the
RMSE in all three zones. Particularly in the nadir zone, DIR becomes so crucial for producing valid data, as seen in Fig. 6(c),
where the standard algorithm was unable to bring the directional
RMSD down no matter how to adjust the lower speed bound.
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Fig. 5. Cumulative probability of directional difference (left) offshore and
(right) near shore between NDBC buoys and scatterometer wind (black) HR,
(red) LR, and (blue) HRD. Results are divided into three cross-track zones: (top)
far (750–900 km), (middle) sweet (400–700 km), and (bottom) nadir (0–300
km).

Results at near-shore locations demonstrated difficulties in
the coastal region. As shown in Fig. 6(d)–(f), all scatterometer
products present much higher directional errors than the offshore case. In the far zone, DIR improves directional estimation
so that beyond 5 m/s, we obtained satisfactory RMSD below
20 . The nadir zone is proved again to be the most difficult area,
not only for the high-resolution data. Similar to the offshore results, the directional error stays high in the nadir zone across
all speed ranges without DIR modification in the high-resolution product. Excluding data in the coastal zone did bring the
RMSD down slightly, but not enough to justify throwing away
data in the area completely.

Fig. 6. Speed dependence of directional RMS error as a function of the lowest
wind speed included in the statistics. Results are divided into three zones: far,
sweet, and nadir (from top to bottom) for scatterometer wind (black) LR, (red)
LRD, (green) HR, (blue) HRD, and dotted lines for results without data in 25-km
coastal zone from the shore line: (green) HR (off 25 km) and (blue) HRD (off
25 km).

demonstrates, in all geometric zones (far, sweet, and nadir)
and a wide range of geophysical conditions (as represented
by wind speed), improvements in the high-resolution wind
retrieval, especially in the directional estimate. Higher RMSDs
were observed near shore, from both standard products and
high-resolution products. Experimental relaxation of the land
contamination criteria reveals that QuikSCAT wind retrieved
from “slices” that partially touches land could be useful in
medium to high wind strength. Better understanding of the
air–sea interaction processes in the coastal region as compared
with open ocean may be needed to improve coastal wind
retrieval from the scatterometer.

IV. CONCLUSION
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