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ABSTRACT

A detailed evaluation of the latest version of
WINDSAT surface wind data has recently been
performed to determine the quality of these data
and their usefulness for ocean surface wind analysis
and numerical weather prediction. The first compo-
nent of this evaluation consisted of both subjective
and objective comparisons of WINDSAT wind
vectors to other sources of ocean surface winds
(e.g., ship and buoy observations, QuikSCAT
satellite winds, or model derived wind analyses).
This was followed by data impact experiments using
a variational surface wind analysis, as well as an
operational four-dimensional data assimilation
system. The results of this evaluation demonstrate
the usefulness of WINDSAT data, but also show
deficiencies relative to current scatterometer
measurements.

1. INTRODUCTION

Accurate observations of surface wind velocity
over the oceans are required for a wide range of
meteorological and oceanographic applications.
Surface winds are needed to drive ocean models
and surface wave models, to calculate surface
fluxes of heat, moisture and momentum, and to
construct surface climatologies. In addition, surface
wind data are essential for nowcasting weather and
wave conditions at sea, and to provide initial
conditions and verification data for numerical

weather prediction (NWP) models.
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Prior to the launch of satellites capable of
determining surface wind from space, observations
of surface wind velocity were provided primarily by
ships and buoys. Such conventional observations
are important components of the global observing
system, but are limited in coverage and accuracy.
For example, reports of surface wind by ships cover
only very limited regions of the world’s oceans,
occur at irregular intervals of time and space, and
are at times of poor accuracy. Buoys, while of higher
accuracy, have even sparser coverage. As a result,
analyses based only on these in-situ observations
can misrepresent surface wind over large regions
and are generally not adequate for weather

forecasting.

Since the 1970s, satellites have offered an
effective way to fill data voids, as well as to provide
higher resolution data than is available routinely. In
response to the wind blowing across it, the ocean
surface responds on many wavelengths. This
response provides a mechanism for the microwave
remote sensing of ocean surface wind from space.
The active sensing of the radar backscatter of
centimeter-scale capillary waves allows the retrieval
of ocean surface wind vectors with some directional
ambiguity. Passive microwave remote sensing of the
ocean surface also has the capability of retrieving
ocean surface winds through the response of the
microwave emissivity to the surface roughness.

Over the ocean, scatterometer surface winds are
deduced from multiple backscatter measurements
made from several directions. At the moderate
incidence angles which scatterometers operate, the
major mechanism for this scattering is Bragg
scattering from centimeter-scale waves, which are,
in most conditions, in equilibrium with the local wind.



Theoretical models have made much progress in
recent years, but most scatterometer winds are
derived with the aid of empirical relationships, called
model functions, which relate the backscatter to the
geophysical parameters, and which are derived from
colocated observations. In current model functions,
the backscatter depends very nonlinearly on wind
speed and direction. Although the scatterometer
winds are usually provided as neutral winds at some
reference height, the measurement is physically
most closely connected with surface stress. Several
scatterometer measurements are made of the same
earth location, and winds are obtained by optimally

fitting these data.

Because of the nonlinearity of the model
function, several wind vectors consistent with the
backscatter observations are usually found. These
multiple wind vectors are called aliases in the early
literature and are now generally referred to as
ambiguities. The ambiguities are the minima of a
cost function, which is a function of wind speed and
direction. The cost function measures the difference
between the observed backscatter and those
calculated for the given wind speed and direction.
Each ambiguity is assigned a probability of being
the closest (i.e., the closest ambiguity to the true
wind vector). Ambiguities with small relative minima
are more likely. The highest probability ambiguity
is termed the rank 1 solution. For recent scat-
terometers, usually only the first two probabilities
are large and the associated ambiguous wind
vectors point in nearly opposite directions. Various
filtering approaches (called dealiasing or ambiguity
removal algorithms) may then be used to extract a
horizontally consistent pattern. Once the ambiguity
is removed, the wind vectors chosen are called the
unique winds.

Each scatterometer design to date has different
characteristics which are relevant to the use of the
data. The scatterometers launched have all had
similar orbit characteristics—sun synchonous, near
polar orbits, at roughly 800 km altitude, with a period
of approximately 100 minutes. The Seasat
scatterometer (SASS) and the NASA scatterometer
(NSCAT) had antennas on both sides of the space-
craft, affording two simultaneous swaths (each
500 km wide for SASS and 600 km wide for NSCAT)
separated by a nadir gap (450 km wide for SASS
and 350 km wide for NSCAT). SASS had two
antennas on each side, while NSCAT had three
antennas on each side. SASS operated in a variety
of modes with different polarizations. The NSCAT
antennas were V-pol for fore and aft and dual

polarized for the mid antenna. The ERS scat-
terometer had three H-pol antennas only on the right
side of the spacecraft. Due to the geometry of these
fan beam observations, the backscatter values at a
single location are observed within a time span of
approximately 70 to 200 seconds, increasing with
incidence angle. The SeaWinds scatterometer on
QuikSCAT has a radically modified design, using a
one meter rotating dish antenna to illuminate two
spots on the ocean surface, which sweep out two
circular patterns. With this design there is no nadir
gap, and in the region of overlap away from nadir
there are essentially four independent measure-
ments. QuikSCAT has been providing high (25 km)
resolution surface wind vectors over the oceans
since 1999, and has proven to be extremely
valuable for weather analysis and forecasting.

Several passive microwave instruments—
SMMR, SSM/I, and Geosat—have provided us with
large data sets of ocean surface wind speed. During
the period 1978-1991, between Seasat and ERS 1,
there were no scatterometer wind data, and the only
space-based surface wind data are from these
passive microwave instruments. Of these, the SSM/I
that have flown aboard the Defense Meteorological
Satellite Program (DMSP) satellites since 1987
have the best coverage and resolution, although
the lack of wind direction in these data limited their
initial utility in scientific studies. SMMR is similar in
terms of coverage to SSM/I, but has lower resolu-
tion and accuracy. For SSM/I often two or three,
and sometimes four instruments are operational,
while for SMMR usually a single instrument was
operational. Geosat and other altimeters are less
useful for NWP, providing wind speed only, at high
resolution along track at nadir. However, the
altimeter height data have provided indirect
validation of both scatterometer and SSM/I data.

WINDSAT is the most recent passive microwave
satellite for measuring ocean surface winds, and
the first passive system to determine direction as
well as speed. It was launched on January 6, 2003
and produces fields of ocean surface wind vectors
(with directional ambiguity that is removed
objectively), sea surface temperature, total
precipitable water, cloud liquid water, and ocean
rain rate over a 1000 km swath width. In this paper,
only the surface wind vectors are validated. The
evaluation includes colocations against in-situ and
remotely sensed observations and model analyses,
as well as numerical forecast impact experiments
with and without different WINDSAT data sets.
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Fig. 1. Examples of WINDSAT surface wind vectors for a variety of synoptic weather patterns.

2. EXAMPLES OF WINDSAT SURFACE WINDS

Figure 1 illustrates WINDSAT surface wind
vectors and streamlines for a stationary front,
anticyclone, cold front, and pressure col over the
oceans. These examples show that WINDSAT is
capable of representing synoptic meteorological
features in a realistic manner, but also illustrate some
errors in wind direction. For example, the anticylonic
wind shear in the southern portion of the col south
of Iceland (lower right) is unrealistically sharp.

3. COLOCATIONS OF WINDSAT SURFACE
WINDS WITH SHIP AND BUOY DATA

Colocation statistics were computed in order to
define the differences between WINDSAT and other
sources of surface wind information, as well as to

evaluate the effectiveness of the directional
ambiguity removal, and to determine the accuracy
WINDSAT relative to QuikSCAT. Tables 1-6 present
a summary of the collocations that were performed
against ships and buoys (labeled All Conv). All ship
and buoy observations within 50 km and 90 minutes
of WINDSAT or QuikSCAT data were adjusted to
an instrument height of 10 meters assuming neutral
stability. Two versions of WINDSAT (the previous
version V181 and the current version V190) are
compared with QuikSCAT. Colocation results are
presented for wind speed bins of 5-10, 10-15, and
15-20 m/s, as well as the summary over all speed
bins.

The tables show that overall the latest version
of WINDSAT is improved over the preceding one,
but in general is less accurate than QuikSCAT. One



Table 1. RMS Speed Differences versus All Conv

Table 2. Speed Bias versus All Conv

Colocation Time Colocation Time
Data All Bins 5-10 10-15 15-20 Period Data All Bins 5-10 10-15 15-20  Period
V181 2.596 2439 2.564 3.119  12/01/03- V181 0.569 1.150 0.100  -1.407 12/01/03-

02/29/04 02/29/04
V190 2.430 2188  2.455 3.160 12/01/03- V190 0.454 1.042 -0.044 -1.485 12/01/03-

02/29/04 02/29/04
QuikSCAT 2.343 2.010 2.393 3.308 12/01/03- QuikSCAT 0.095 0.734  -0472 -1.939 12/01/03-

02/29/04 02/29/04

Table 3. RMS Direction Differences for Selected Alias versus All Conv

Table 4. Percent Correct versus All Conv

Colocation Time Colocation Time
Data All Bins 5-10 10-15 15-20 Period Data All Bins 5-10 10-15 15-20 Period
V181 29.112 33.676 20.634 16.793 12/01/03- V181 75.662 75.500 78.482 67.327 12/01/03-

02/29/04 02/29/04
V190 27.274  31.332 19.800 18.524 12/01/03- V190 74.196 75.670 73.394 66.007 12/01/03-

02/29/04 02/29/04
QuikSCAT 23916  27.195 17.323 19.682 12/01/03- QuikSCAT 93.340 90.812 97.083 97.697 12/01/03-

02/29/04 02/29/04

Table 5. Directional Bias for Best Alias versus All Conv

Table 6. Directional Bias for Selected Bias versus All Conv

Colocation Time Colocation Time
Data All Bins 5-10 10-15 15-20 Period Data All Bins 5-10 10-15 15-20 Period
V181 -0.534 -0.381 -0.577 -1.535 12/01/03- V181 -1.558 -1.665 -1.204 -2.713 12/01/03-

02/29/04 02/29/04
V190 -0.426 -0.228 -0.448 -1.421 12/01/03- V190 -1.946 -2.071  -1.344  -3.155 12/01/03-

02/29/04 02/29/04
QuikSCAT 0.398 0.767 -0.007 -1.074 12/01/03- QuikSCAT 0.464 0.846 0.287 -1.878 12/01/03-

02/29/04 02/29/04

of the most significant problems for WINDSAT is
the ambiguity removal skill (see Table 4), where
WINDSAT is substantially less accurate than
QuikSCAT.

4. IMPACT OF WINDSAT DATA

The impact of WINDSAT data was assessed first
on analyses using the Variational Analysis Method
(VAM) that was previously developed for the
assimilation of satellite surface wind data by AER
and NASA-GSFC. In this application of the VAM,
the NCEP operational analysis was used as the
background field (first guess) for the global
variational analysis, and only WINDSAT data in
different forms (as wind speed only, as ambiguous
wind vectors, or as unique wind vectors) were
assimilated. Figure 2 presents the impact of
assimilating either WINDSAT speeds, ambiguous
winds, or unique winds on the analysis of cylones.
From the figure, it can be seen that there is a
significant impact relative to the operational NCEP
analysis, and that the impact increases as more

directional information from WINDSAT is assimi-
lated. On average, when the unique WINDSAT
vectors are assimilated two cyclones are added that
the operational analysis did not contain. In nearly
every analysis, one cyclone in the operational NCEP
is deleted. A significant impact on the position and
intensity of cyclones also occurs. Figure 3 shows
an example of one such impact. The NCEP analysis
shows a single cyclone. The VAM analysis with
WINDSAT speeds or ambiguous winds modifies this
cyclone somewhat. The VAM analysis with the
unique WINDSAT wind vectors clearly shows a
double cyclone structure. This impact was confirmed
by comparison with independent data, geostationary
imagery, and later analyses.

The impact of WINDSAT on four-dimensional
data assimilation and forecasting was assessed
using the GEOS-4 data assimilation system (also
known as FVDAS), that is run at the NASA Goddard
Space Flight Center. The control for this experiment
assimilated all conventional surface based and
space-based data that is routinely assimilated at
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Fig. 2. Impact of WINDSAT data on VAM analyses of cyclones.
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Fig. 3. Impact of WINDSAT data on the analysis of a cyclone in the North Atlantic.
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Fig. 4. Relative impact of WINDSAT and QuikSCAT data
on five-day forecasts of cyclones.

GSFC, with the exception of any satellite surface
wind data. In subsequent runs, either WINDSAT
V190 unique wind vectors or QuikSCAT unique wind
vectors were added to the Control, and the relative
impact of each was then evaluated. Figure 4 shows
the relative impact of WINDSAT and QuikSCAT data
averaged over ten 5-day forecasts for the Southern
Hemisphere with the GEOS-4 global model. This
figure shows a positive impact of either WINDSAT
or QuikSCAT on cyclones. The impact of QuikSCAT

is slightly larger than WINDSAT for cyclone position,
and significantly larger for cyclone magnitude. In
the Northern Hemisphere (not shown), the impact
is smaller and less consistent than for the Southern
Hemisphere, and the impact of QuikSCAT is
substantially better than for WINDSAT. In addition,
experiments conducted at the Joint Center for
Satellite Data Assimilation (JCSDA) have also
shown a positive impact of WINDSAT data on
numerical weather prediction.

5. SUMMARY

A detailed geophysical validation of WINDSAT
data is being performed. This includes: colocations
with in situ data, satellite observations, and model
analyses; synoptic evaluations by highly skilled
meteorological analysts; objective quality control;
and impact experiments using multiple data
assimilation systems. All of the measures thus far
indicate potential for WINDSAT to improve ocean
surface analyses and weather prediction, although
there are significant limitations relative to
scatterometry.

ACKNOWLEDGMENTS

The authors wish to acknowledge Dr. Eric
Lindstrom, NASA HQ Physical Oceanography
Program Scientist, Dr. Stan Wilson of NESDIS, and
Dr. Steven Mango, Chief Scientist for the NPOESS
Integrated Program Office, for supporting this work.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


