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Assessment of the WindSat Retrievals Produced by NRL 

 

1. Summary 
 The objective of this report is to provide NASA with an initial assessment of the capability 
of passive microwave radiometers to provide wind vector retrievals over the world’s oceans.  
The analysis herein is based on the newly released WindSat dataset that was produced by the 
Naval Research Laboratory (NRL) in July 2004.  We begin the assessment by comparing the 
WindSat retrievals with moored ocean buoys (Section 2).  We then do global comparisons of 
WindSat with NASA’s QuikScat scatterometer and with NCEP’s Final Analysis surface wind 
product (Section 3).  For completeness, we present results for both wind speed and direction.  
However, the ability of satellite microwave radiometers to retrieve wind speed is well 
established, and the real focus here in on wind direction. 

As expected, the wind-direction retrieval accuracy strongly depends on wind speed.  
Previous analyses based on aircraft observations and satellite measurements [Yueh and Wilson, 
1999; Meissner and Wentz, 2002] clearly showed that the directional signal in the microwave 
brightness temperature (TB) is very small for light winds.  The WindSat observations have 
confirmed this result.  For winds less than 6 m/s, the WindSat directions exhibit a relatively large 
standard deviation with respect to buoys, QuikScat, and NCEP.  For example, in the wind speed 
bin from 5 to 6 m/s, the rms differences between the WindSat retrieved wind direction and 1) 
buoys, 2) NCEP, and 3) QuikScat are 28, 30, and 31, respectively (see Figures 5 and 13).  For 
winds below 5 m/s the error rapidly increases.  For the next bin up (6-7 m/s), it appears that 
WindSat is just meeting the 20-requirement if one takes into account the error component in the 
other data sets.  Above 7 m/s, the accuracy of the WindSat directions becomes comparable to 
that of QuikScat, although QuikScat agrees somewhat better with the buoys.  Figure 5 provides 
the best head-to-head comparison of WindSat and QuikScat performance. 

 Section 4 discusses future plans to address some remaining issues.  The results presented 
herein are based on NRL’s initial July 2004 release of wind vectors.  One expects that 
subsequent algorithm enhancements will result in an improved product.  As an example of this, 
we provide some results from the Remote Sensing Systems (RSS) NPOESS CMIS algorithm that 
has been adapted to WindSat.  Our future plans also include determining the impact of rain on 
the WindSat retrievals.  All results presented here are for completely rain-free conditions.  Rain 
will degrade the retrievals; the question is how much.  We conclude with some comments on 
WindSat’s operational counterpart CMIS, which will be flown on NPOESS sometime around 
2010.  There are important differences between WindSat and CMIS, and WindSat’s performance 
statistics should not be directly translated to CMIS. 
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2. Comparison of WindSat Winds with Moored Ocean Buoys 
2.1. Introduction 

The WindSat validation consists of two components: point comparisons with buoys and 
global comparisons with the QuikScat scatterometer and NCEP wind fields.  This section 
discusses the buoy comparisons, and Section 3 discusses the global comparisons. 

For each WindSat observation, we determine if there is a buoy observation within 12.5 km 
and 30 minutes of the WindSat observation.  For each of these WindSat-buoy collocations, we 
find an NCEP wind vector by interpolating the NCEP final-analysis (FNL) wind field at 10-m 
elevation to the time and location of the buoy observation.  In this way, we have 3 wind vectors 
that can be intercompared for each WindSat-buoy collocation.  This 3-way intercomparison is 
called a WindSat-NCEP-buoy triplet. 

In addition to the triplet collocations we also find two types of quadruplet collocations: 
WindSat-QuikScat-NCEP-buoy and WindSat-SSM/I-NCEP-buoy.  These quadruplets are found 
by seeing if QuikScat or the F13 SSM/I observed the same buoy within the 30-minute and 12.5-
km collocation window.  These quadruplets allow us to directly compare WindSat’s performance 
with that of QuikScat and SSM/I, albeit SSM/I only provides wind speed, not direction.  The 
number of these quadruplets is of course less than the number of WindSat-NCEP-buoy triplets.  
However, due to the similarity of the WindSat, QuikScat, and F13 SSM/I orbits, the number of 
quadruplets is sufficient to perform meaningful comparisons. 

As will be seen, the retrieval accuracy for wind direction degrades at low wind speeds.  In 
view of this, wind direction requirements for WindSat and NPOESS are stated in terms of wind 
speed ranges.  For example, the WindSat wind direction accuracy requirement is 25 for the 
wind speed range of 3-5 m/s and 20 for the wind speed range from 5-25 m/s.   We use this same 
stratification for the statistics in this report.  

In addition to providing overall statistics on WindSat’s wind retrieval performance, we also 
stratify the results in a number of ways, including by 1) buoy type, 2) week of year, and most 
importantly 3) wind speed.  Plots of WindSat minus buoy wind speed versus the other WindSat 
retrievals (sea-surface temperature, water vapor, and cloud water) are also provided to determine 
if there is crosstalk among the various retrievals. 

 

2.2. Data Preparation 
 Approximately 1400 binary WindSat environmental data records (EDR) files were 
downloaded from the password-protected WindSat data site at the JPL PODAAC.  These data 
cover the time period from September 1, 2003 to February 29, 2004.  The EDR’s provide 
oceanographic equivalent neutral winds at 10-meter elevation derived from WindSat brightness 
temperatures.  These retrievals come from the NRL ocean wind retrieval algorithm.  The NRL 
algorithm first spatially averages the brightness temperature (TB) to the spatial resolution of a 6.8 
GHz footprint, which is approximately 50 km.  It then computes a set of possible wind-vector 
solutions (i.e., ambiguities) that match the observed brightness temperatures.  Finally, the 
algorithm uses a median filter initialized using NCEP wind vectors to select the most likely 
wind-vector solution.  Various quality flags are provided with each retrieval, including flags for 
rain, land, sun glint, RFI, and sea ice contamination.  Retrievals that are flagged as bad are 
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excluded from the analysis.  All results reported herein are in terms of the WindSat selected 
ambiguity  (i.e., the ambiguity selected by the median filter), except for Figure 14 in Section 4. 

 Remote Sensing Systems (RSS) routinely collects, quality checks, cleans, and reformats 
hourly buoy data provided by the following buoy programs: the Tropical Atmosphere Ocean 
Project (TAO), the National Data Buoy Center (NDBC), the Canadian Marine Environmental 
Data Set (MEDS), and the Pilot Research Moored Array in the Tropical Atlantic (PIRATA).  
The data are processed to a single data format suitable for satellite collocation. 

 Buoy winds are measured at varying heights consisting mostly of 4-meter TAO and 
PIRATA measurements and 5-meter NDBC and MEDS measurements.  Other NDBC and 
MEDS anemometer heights are 10-meter, 12-meter, and higher for some stations.  We use a 
simple logarithmic correction to normalize the buoy observations to a neutral equivalent wind 
speed and direction that is 10-meters above the ocean surface.  This approach yields results very 
similar to the more exact formulation that incorporates the air-sea temperature difference [Mears 
et al., 2001]. All buoy wind directions are also rotated by 180 to match WindSat oceanographic 
definition of wind direction. 

 The satellite retrievals and the buoy measurements are collocated using a 12.5-km spatial 
window and 30-minute temporal window.  No spatial or temporal interpolation of the buoy data 
is performed.  We simply take the nearest buoy observation within a 12.5-km and 30-minute 
collocation window.  The resulting collocation file contains just over 23000 matchups for the 6-
month period.  Of these, approximately 21% contain rain as determined by the WindSat rain flag.  
This results in 18568 rain-free collocations.  We note that the 21% exclusion rate for rain is too 
high.  Typically rain flagging excludes only 5% to 10% of the observations.  It appears that the 
NRL rain flag is excluding non-raining cloudy area as well as active rain (see Section 4.4).  

 The QuikScat and SSM/I wind retrievals come from Remote Sensing Systems’ website 
www.remss.com.  The QuikScat wind vectors are a product of the Ku-2001 algorithm, and the 
SSM/I wind speeds are from the Version-5 SSM/I algorithm. 

 

2.3. Overall Statistics  
 The overall intercomparison statistics are provided in Tables 1, 2 and 3.  Table 1 shows the 
results for the wind speed intercomparisons.  Table 2 and 3 show the wind direction 
intercomparisons for two wind speed ranges:  3-5 m/s and 5-25 m/s respectively.  In compiling 
the wind direction statistics, two methods are used.  The first method includes all collocations.  
The second method discards those observations for which the satellite retrieval minus buoy 
direction is greater than 90.   Including these outliers tends to distort the statistics in that a few 
erroneous observations have a large impact on the standard deviation.  We keep track of the 
percentage of observations for which the wind direction difference exceeds 90, and this statistic, 
which is included in Tables 2 and 3, is an important metric of wind direction retrieval skill.  To 
make the statistics as balanced as possible, we only included those observations for which the 
WindSat, QuikScat, and NCEP directions are all within 90 of the buoy direction.  This ensures 
that we have exactly the same set of observations for the various combinations of comparisons. 
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Table 1:  Overall wind speed statistics for buoy comparisons. 

 Num 
Colloc 

Bias 
(m/s) 

StdDev 
(m/s) 

WindSat - Buoy 18568  0.11 1.46 
NCEP – Buoy 18568 -0.31 1.27 
WindSat - NCEP 18568  0.42 1.26 
WindSat - Buoy 11887 -0.02 1.31 
QuikScat - Buoy 11887 -0.01 1.43 
NCEP - Buoy 11887 -0.33 1.22 
WindSat-QuikScat 11887  -0.01 1.25 
WindSat – Buoy 6901  0.13 1.49 
SSM/I – Buoy 6901  0.05 1.35 
NCEP - Buoy 6901 -0.26 1.29 
WindSat –SSM/I 6901  0.08 1.02 

 
Table 2:  Wind direction statistics for wind speed range from 3 to 5 m/s for buoy comparisons. 

 Before Removing >90 Outilers After Removing >90 Outliers  

 Num 
Colloc 

Bias    
(deg) 

StdDev 
(deg) 

Num 
Colloc 

Bias    
(deg) 

StdDev 
(deg) % Outliers 

WindSat – Buoy 3084   0.86 52.82 2743  0.47 37.97 9.05 
NCEP – Buoy 3084   3.33 28.71 2743  2.98 20.66 2.14 
WindSat – NCEP 3084 -1.88 46.42 2743 -2.51 35.96 6.00 
WindSat – Buoy 1924  0.94 54.73 1652 -0.79 39.13 10.19 
QuikScat – Buoy 1924  4.31 41.31 1652  4.79 22.62 6.55 
NCEP – Buoy 1924  2.45 30.30 1652  2.94 20.18 2.55 
WindSat - QuikScat 1924 -4.12       56.16 1652 -4.97       38.23  

 
Table 3:  Wind direction statistics for wind speed range from 5 to 25 m/s for buoy comparisons. 
 Before Removing >90 Outilers After Removing >90 Outliers  

 Num 
Colloc 

Bias    
(deg) 

StdDev 
(deg) 

Num 
Colloc 

Bias    
(deg) 

StdDev 
(deg) % Outliers 

WindSat - Buoy 13907  0.20 26.01 13676  0.03 20.95 1.56 
NCEP - Buoy 13907  1.53 15.84 13676  1.66 12.67 0.37 
WindSat - NCEP 13907 -1.57 23.23 13676 -1.55 19.14 0.99 
WindSat - Buoy 8986 -0.93 25.10 8796 -0.97 20.82 1.35 
QuikScat - Buoy 8986  2.96 21.61 8796  3.22 15.31 1.00 
NCEP - Buoy 8986  1.42 15.29 8796  1.60 12.08 0.36 
WindSat - QuikScat 8986 -4.66      27.81 8796 -3.99      21.49  

 

 Table 1 is divided into three sections.  The top section shows the wind speed statistics for 
the WindSat-NCEP-buoy triplets.  The middle section shows the statistics for the WindSat-
QuikScat-NCEP-buoy quadruplets and the bottom section shows the statistics for the WindSat-
SSM/I-NCEP-buoy quadruplets.  The number of observations for the quadruplet collocations is 
less because we required that both WindSat and QuikScat (or WindSat and SSM/I) be within 30 
minutes and 12.5 km of the buoy report.  We first note that overall mean NCEP wind speed is 
less than the buoy value.  This feature has been noted before, and we attribute it to a small 
inconsistency in the way NCEP handles winds in the boundary layer over the ocean.  Otherwise, 
the biases among satellites and buoy wind speeds are quite small (0.1 m/s).  It is interesting that, 
apart from this bias, the NCEP winds show the best agreement with the buoys (i.e. they have the 
smallest standard deviation relative to the buoys).  This may in part be due to these buoys being 
assimilated by NCEP (see Section 4.5).  The three satellite wind-speed retrievals also show very 
good agreement with buoy winds and with each other.  The standard deviation of the wind speed 
differences range from 1.02 to 1.49 m/s.  The best agreement among all of the various 
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combinations is between WindSat and SSM/I for which the standard deviation is 1.02 m/s.  This 
good agreement is probably due in part to both retrievals coming from microwave radiometers 
that are sensitive to the same type of surface roughness characteristics (i.e, wave tilting and 
foam).  

 Table 2 shows the wind direction results for wind speeds in the range from 3 to 5 m/s.  The 
table is divided into two sections: the top section shows the wind direction statistics for the 
WindSat-NCEP-buoy triplets, and the bottom section shows the results for the WindSat-
QuikScat-NCEP-buoy quadruplets.  The number of observations for the quadruplet collocations 
is less because we required that both WindSat and QuikScat be within 30 minutes and 12.5 km of 
the buoy report.  Results are shown before removing 90 outliers (left columns) and after 
removing 90 outliers (right columns).  For the quadruplet collocations, 2.6% of the NCEP 
directions are classified as outliers as compared to 6.5% for QuikScat and 10.2% for WindSat. 

 Looking at the statistics after removing outliers, we see that all of the wind direction biases 
are small, ranging from –2.51 to 4.79.  The standard deviations for these cases range from 
20.18 to 39.13.  The NCEP wind directions agree best with the buoys, having a standard 
deviation of about 21.  The QuikScat versus buoy standard deviation is nearly as good, being 
23.  In contrast, the WindSat versus buoy standard deviation is on the high side, being 38.   

 Table 3 is in the same format as Table 2 except that it shows the wind direction results for 
wind speeds in the range from 5 to 25 m/s.  For these higher winds, the agreement between the 
satellite retrievals and the buoys is significantly better than the low-wind case shown in Table 2.  
The number of outliers is much less, ranging from 0.4% to 1.6%, and the standard deviations 
after removing the outliers are smaller, ranging from 12 to 21.  As was the case for the low-
wind comparisons, the NCEP wind directions agree best with the buoys, having a standard 
deviation of 12.  The QuikScat versus buoy standard deviation is nearly as good, being 15, and 
the WindSat versus buoy standard deviation is 21. 
 Figures 1 through 4 are ‘scatter plots’ of the triplet and quadruplet collocations.  Figure 1 
shows the WindSat and NCEP wind speeds plotted versus the buoy wind speeds.  These results 
are for the triplet collocations.  We note that the WindSat retrievals show a little more scatter 
than the NCEP winds.  Figure 2 shows wind-speed scatter plots for the quadruplet collocations.  
All of the satellite retrievals show more scatter relative to the buoy than NCEP.  In particular, the 
QuikScat scatter plot shows a large number of wind speed outliers at low winds speeds.  These 
outliers result in QuikScat having a somewhat larger standard deviation (1.43 m/s) relative to the 
buoys than WindSat (1.31 m/s).   We suspect this is due to undetected rain.  At low wind speeds, 
the QuikScat retrievals are very sensitive to rain.  For the buoy analysis, we only used the 
WindSat rain flag.  For the quadruplet collocations the QuikScat observations can be as much as 
25 km and 1 hour different from the WindSat observation.  Hence the WindSat rain flag may not 
always be a good indicator of rain at the QuikScat time and location, especially in tropical 
regions where low winds are common and rain cells can be small and exist for shorter time 
periods.  (For the global comparisons in Section 3, the QuikScat stand-alone rain flag is used in 
conjunction with the WindSat rain flag to avoid this problem.)  

 Figure 3 shows the WindSat and NCEP wind directions plotted versus the buoy wind 
direction.  These results are for the wind speed range from 5-25 m/s and show the triplet 
collocations.  The greater-than-90 outliers are removed. The WindSat retrievals show 
considerably more scatter relative to the buoys than the NCEP wind directions.   As mentioned 
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above, the excellent agreement between NCEP and buoys (12) may in part be due to the NCEP 
Final Analysis assimilating the buoy data, and hence the two data sets are not independent.  

 Figure 4 shows wind direction scatter plots for the quadruplet collocations.  These results are 
for the wind speed range from 5-25 m/s, and the greater-than-90 outliers are removed.  The 
NCEP and QuikScat scatter plots are similar; whereas the WindSat plot shows significantly more 
scatter relative to the buoys. 
 
 

Figure 1.  Wind speed retrievals for WindSat (left) and NCEP (right) versus buoy wind speed.  
These plots show the results of the triplet collocations. 
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Figure 2.  Wind speed retrievals for WindSat (upper left), NCEP (upper right), QuikScat (lower left) 
and F13 SSM/I (lower right) versus buoy wind speed.  These WindSat, NCEP, and QuikScat plots 
show the results for the quadruplet collocations for which both WindSat and QuikScat saw the 
same buoy at the same time.  Likewise the SSM/I plot shows the quadruplet collocations for which 
both WindSat and SSM/I saw the same buoy at the same time.   
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Figure 3.   Wind direction retrievals for WindSat (left) and NCEP (right) versus buoy wind direction.  
These results are for a wind speed range from 5-25 m/s and show the triplet collocations.   A total 
of 1.56% of the WindSat observations and 0.37% of the NCEP values have wind directions that 
differ by more than 90 from the buoy direction. 
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Figure 4.  Wind direction retrievals for WindSat (upper left), NCEP (upper right), and QuikScat 
(lower left) versus buoy wind direction. These results are for a wind speed range from 5-25 m/s 
and show the results of the quadruplet collocations.  The percent of outliers (i.e., ‘edited’) 
observations for which the wind direction differed by more than 90o from the buoy are reported in 
each plot.  
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2.4. Wind Direction Retrieval Accuracy as a Function of Wind Speed 
 To assess the wind direction retrieval accuracy as a function of wind speed, we stratify the 
statistics of the quadruplet collocation according to the buoy wind speed.  A bin size of 1 m/s is 
used.  The greater-than-90 outliers are removed.  Figure 5 shows the results.  The black (red) 
line is the standard deviation of the wind direction difference between WindSat (QuikScat) and 
the buoy. 

 We consider the results shown in Figure 5 as a well-balanced comparison between WindSat 
and QuikScat.  The two sets of statistics are based on exactly the same set of 8796 buoy 
collocations for which both WindSat and QuikScat observed the same buoy at nearly the same 
time.  If either the WindSat direction or the QuikScat direction differed by more than 90 from 
the buoy direction, the collocation was excluded.  Furthermore there are a sufficient number of 
observations to make a meaningful comparison.  (Using just the WindSat rain flag rather than 
using both the WindSat and QuikScat rain flags may slightly favor WindSat.) 

 Figure 5 clearly shows that for winds below 7 m/s, QuikScat is in better agreement with the 
buoys than WindSat.  Between 3 and 5 m/s, the wind-direction retrieval performance for 
QuikScat is significantly better than WindSat.  The faint dashed line in Figure 5 shows the wind 
direction requirement of a 25-accuracy for wind speeds from 3-5 m/s and a 20-accuracy for 
wind speeds above 5 m/s.  The QuikScat curve lies below this line, whereas the WindSat curve 
lies above the requirement line for winds less than 7 m/s. 

 There is an important caveat to consider when assessing the wind direction retrieval 
performance.   The accuracy requirement is relative to ‘truth’ whereas the standard deviations 
shown in Figure 5 contain an error component related to the error in the buoy wind direction 
relative to true direction of the wind field at the time and spatial resolution of the satellite 
observation.  Thus to assess true performance, the buoy error component needs to be removed.  
We have yet to do this in a quantitative manner, but we expect that once the bouy error 
component is removed, WindSat will probably meet the 20-requirement for the 6-7 m/s bin.  
However, we doubt that the 20-requirement will be met for the 5-6 m/s bin, and below 5 m/s the 
WindSat versus buoy difference is so large that removing the buoy error component will have 
little effect on the standard deviation.  (The WindSat-buoy standard deviation for the 5-6 m/s bin 
is 28.  The buoy error would need to be 20 in order to reduce this standard deviation down to 
20; i.e., 282 – 202  202.  A 20 error for the buoy direction seems unrealistically large.) 
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Figure 5.  Standard deviation of the difference between the WindSat and buoy direction (black 
curve) and the QuikScat and buoy direction (red curve).  These results show the quadruplet 
collocations for which both WindSat and QuikScat see the same buoy at nearly the same time.  
The faint dashed line shows the wind direction requirement of a 25-accuracy for wind speeds 
from 3-5 m/s and a 20-accuracy for wind speeds above 5 m/s. 

 

 

2.5. Stratification of Results Versus Buoy Type and Location 
 The remainder of this section stratifies the buoy intercomparison statistics in a number of 
ways to better characterize the satellite retrievals relative to each other and relative to the buoys.  
We first stratify the results according to the four buoy types: NDBC, MEDS, TAO and PIRATA.  
These results are provided in Table 4 and Figure 6.  The wind direction statistics are for the wind 
speed range from 5-25 m/s and greater-than-90 outliers are removed.  The Canadian MEDS data 
have the highest standard deviations for both the wind speed and wind direction differences.  
These Canadian buoys are located along the eastern and western coast of North America and 
experience more severe weather conditions than the TAO, PIRATA and many of the NDBC 
buoys.  We include these data in the buoy validation data set because over time the majority of 
high wind conditions (winds greater than 15 m/s) are observed by MEDS buoys.  The majority of 
buoy observations are from NDBC and TAO buoys as these two buoy programs have a greater 
number of stations.  The TAO and PIRATA buoy observations have shown consistently good 
agreement with satellite retrievals in previous validation activities, and this is again the case here. 
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Table 4.  Quadruplet collocation statistics by buoy type.  The wind direction statistics are for the 
wind speed range from 5-25 m/s and greater-than-90 outliers are removed.  The white row shows 
results for WindSat and the gray row shows results for QuikScat. 
 

Buoy Type Spd Bias Spd StdDev # Matchups Dir Bias Dir StdDev # Matchups 
 0.35 1.66 4109  2.72 22.48 2893 NDBC  0.29 1.73 4109  4.56 18.00 2893 
 0.34 2.02   900 -4.05 25.56   675 MEDS  0.38 1.74   900 -2.24 22.45   675 
-0.30 0.80 6450 -2.23 18.87 4846 TAO -0.26 1.12 6450  2.95 12.23 4846 
-0.15 0.67   428 -7.50 17.28   382 PIRATA -0.11 0.92   428  6.21   8.94   382 

 

 

 

Figure 6.  The left plots display the wind speed bias and standard deviation (shown by error bars) 
for each 1-m/s buoy wind speed bin.  The colors show buoy types:  NDBC (black, triangles), MEDS 
(blue, crosses), TAO (green, asterisks), and PIRATA (red, squares).  The right plots are the 
directional standard deviation as a function of buoy wind speed for the same buoy types.  The top 
two plots show the WindSat results, and the bottom two plots show the QuikScat results. 
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 Figures 7 and 8 show global maps of the wind speed bias and standard deviation and the 
wind direction standard deviation, respectively.  Results are shown for both WindSat versus 
buoy and QuikScat versus buoy.  The largest errors occur for a few selected buoys at higher 
latitudes along the US East and West Coasts.  The collocation pairs are designated as open-ocean 
by both the WindSat EDR ocean/land flag and the roughly 30 km land mask RSS uses to select 
buoys as acceptable for satellite validation.  The fact that some of these large errors also occur 
for QuikScat and NCEP (such as buoy 41025 located in the Gulf Stream region of the Atlantic 
Coast) suggests that the problem may be due to poor buoy functioning or due to orographic 
effects or large spatial gradients in the wind field near the coast, as opposed to contamination of 
the satellite measurements due to land emission and scattering.  (QuikScat has very good spatial 
resolution and should not be affected by land contamination.) 
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Figure 7.  The top panel shows the WindSat minus buoy wind speed bias (denoted by color) and 
standard deviation (denoted by size of box).  The bottom panel shows the same results for 
QuikScat.  Only buoys with greater than 25 collocations in the 6-month period are shown.  Note 
the buoys at more northern latitudes have higher standard deviations than those in the tropical 
regions where the wind speeds are lower and more uniform.   

 

= 1 m/s standard deviation 

= 1 m/s standard deviation 
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Figure 8.  The top panel shows the WindSat minus buoy wind direction standard deviation 
(denoted by color).  The bottom panel shows the same results for QuikScat.   These results are for 
a wind speed range from 5 to 25 m/s, and the greater-than-90 outliers are removed.  Only buoys 
with greater than 25 collocations in the 6-month period are shown.   Most buoys have a standard 
deviation below 25, but some buoys have a significantly higher standard deviation, such as 
station 41025 that lies in the Gulf Stream region of the Atlantic coast. (37 WindSat Std. Dev.; 35 
QuikScat Std. Dev.).  (In this figure the box size is the same for all buoys and has no meaning.)   
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2.6. Stratification of Results Versus Time 
 Results of the buoy quadruplet collocations are plotted versus time in Figure 9.  The plot 
shows the wind speed bias, wind speed standard deviation, and wind direction standard deviation 
for the 26 weeks from September 1, 2003, to February 29, 2004.  WindSat, QuikScat, and NCEP 
results are shown by the black, red, and blue curves, respectively.  Figure 9 shows that the 
various results discussed above are consistent over time.  For example, the negative bias in the 
NCEP wind speed stays relatively constant over the 6-month period, and the standard deviation 
of WindSat’s wind direction relative to the buoys stays around 21.   

Figure 9.  Wind speed bias (top panel), wind speed standard deviation (middle panel), and wind 
direction standard deviation (bottom panel) for each week from September 1, 2003 to February 29, 
2004.  The black, red, and blue curves show WindSat versus buoy, QuikScat versus buoy, and 
NCEP versus buoy, respectively.  These results are for the quadruplet collocations.  The wind 
direction results are for a wind speed range from 5 to 25 m/s, and the greater-than-90 outliers are 
removed. 
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2.7. Histograms of Wind Direction and Speed 
 Figure 10 shows histograms of the wind direction and wind speed.  Results are shown for 
WindSat, NCEP, and the buoys.  The agreement among the 3 histograms is reasonable, and there 
are no obvious problems such as preferred speeds or directions.  

 

 
Figure 10.  Histograms of wind direction (top) and wind speed (bottom) for WindSat (black), NCEP 
(blue), and buoys (green). 
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2.8. Crosstalk Analysis 
 Finally, we investigate if the WindSat wind speed retrieval contains ‘crosstalk’ from other 
geophysical parameters that influence the microwave brightness temperatures.  This is essentially 
a test of the ability of the retrieval algorithm to separate the wind speed signal from competing 
signals arising from sea-surface temperature, water vapor, and cloud water.  Figure 11 shows the 
difference of the WindSat minus buoy wind speed difference plotted versus the buoy wind speed 
and versus the WindSat retrievals of water vapor, cloud water, and sea-surface temperature. 

 The plot of wind speed difference versus buoy wind (top panel in Figure 11) needs to be 
interpreted with caution.  Due to the fact we are binning the statistics according to the buoy wind 
speed, the bias statistics at either end of the distribution of winds (i.e., low winds below 3 m/s 
and high winds above 15 m/s) tend to be skewed.  For example, the fact that the WindSat minus 
buoy wind speed difference is positive below 3 m/s is, to some degree, an artifact of binning 
according to the buoy wind rather than the WindSat wind.  The other 3 panels in Figure 11 are 
not affected by this binning problem and suggest that there may be some crosstalk in the wind 
speed retrievals of the order of 0.5 to 1 m/s.  However, the number of buoy collocations is 
relatively small for this type of analysis, and more investigation is required before making any 
definite conclusions about crosstalk. 

 The wind direction retrievals do not lend themselves to this type of crosstalk analysis 
because of their harmonic nature. 
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Figure 11.  WindSat minus buoy wind speed difference plotted as a function of buoy wind speed 
and the WindSat retrievals of water vapor, cloud liquid water, and sea surface temperature (top to 
bottom).   
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3. Comparison of WindSat with QuikScat and NCEP on a Global Basis 
 

3.1. Introduction 
 In this section we do global comparisons between the WindSat and QuikScat wind-vector 
retrievals.  Since WindSat and QuikScat are in similar orbits, this type of comparison yields 
millions of collocations as compared to the much smaller number of buoy collocations reported 
in Section 2.  We also include NCEP in this global analysis.  The NCEP final-analysis (FNL) 
wind field at 10-meter elevation is interpolated in time and space to the location of the WindSat 
and QuikScat footprints.  

 

3.2. Data Preparation 
 As was described in Section 2 for the buoy comparison, the WindSat retrievals are quality 
controlled according to the EDR flags provide by NRL.  Observations that are flagged for rain, 
land, sun glint, RFI or sea ice contamination are omitted.  In addition, if the collocated QuikScat 
algorithm indicates rain, the observation is excluded. 

 The QuikScat retrievals are produced by RSS using the Ku-2001 model function, and they 
are averaged into ¼ latitude-longitude cells before collocating with WindSat.  Separate ¼ maps 
are made for ascending QuikScat orbits and descending QuikScat orbits.  In this way, each ¼ 
cell contains observations for one specific time.  For each valid WindSat retrieval, a collocation 
routine determines if there is a QuikScat observation within the ¼ cell that contains the 
WindSat retrieval and if the time difference between the WindSat and QuikScat retrievals is less 
than 60 minutes.  If so, then the two retrievals are intercompared. 

 For each WindSat-QuikScat collocation, we find the corresponding NCEP wind vector by 
interpolating in time and space to the WindSat and QuikScat locations.  This results in four wind 
vectors for each collocation: [WindSat, QuikScat, NCEP at WindSat, NCEP at QuikScat].  We 
computed statistics (bias and standard deviation) for the following wind speed differences and 
wind direction differences:  WindSat – QuikScat, WindSat – NCEP at WindSat, QuikScat – 
NCEP at QuikScat. 

   

3.3. Overall Statistics  
 The overall intercomparison statistics are provided in Tables 5, 6 and 7.  Table 5 shows the 
results for the wind speed intercomparisons.  Tables 6 and 7 show the wind direction 
intercomparisons for two wind speed ranges:  3-5 m/s and 5-25 m/s respectively.  In compiling 
the wind direction statistics, two methods are used.  The first method includes all the satellite 
observations.  The second method discards those observations for which the satellite minus 
NCEP (or satellite minus satellite) direction is greater than 90.   Including these outliers tends to 
distort the statistics in that a few erroneous observations have a large impact on the standard 
deviation.  We keep track of the percentage of observations for which the wind direction 
difference exceeds 90 and this statistic, which is included in Tables 6 and 7, is an important 
metric of wind direction retrieval skill.  
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Table 5:  Overall wind speed statistics for global comparisons. 

 Num Colloc Bias (m/s) StdDev (m/s) 
WindSat - QuikScat 23,506,262 0.06 0.83 
QuikScat -NCEP 23,506,262 0.11 0.89 
WindSat - NCEP 23,506,262 0.16 1.01 

 
Table 6:  Wind direction statistics for wind speed range from 3 to 5 m/s for global comparisons. 
 Before Removing >90 Outliers After Removing >90 Outliers  

 Num 
Colloc 

Bias    
(deg) 

StdDev 
(deg) 

Num 
Colloc 

Bias    
(deg) 

StdDev 
(deg) % Outliers 

WindSat - QuikScat 4,540,548 1.8 56.6 4,036,043 1.0 41.5 11.1 
QuikScat - NCEP  4,540,548 0.2 27.9 4,462,741 0.3 22.6 1.7 
WindSat - NCEP 4,540,548 2.2 51.4 4,174,055 1.9 40.2 8.1 

 
Table 7:  Wind direction statistics for wind speed range from 5 to 25 m/s for global comparisons. 
 Before Removing >90 Outliers After Removing >90 Outliers  

 Num 
Colloc 

Bias    
(deg) 

StdDev 
(deg) 

Num 
Colloc 

Bias    
(deg) 

StdDev 
(deg) % Outliers 

WindSat – QuikScat 18,965,714 0.4 24.8 18,719,480 0.2 20.5 1.3 
QuikScat - NCEP 18,965,714 0.3 11.3 18,943,192 0.3 10.4 0.1 
WindSat - NCEP 18,965,714 0.8 23.6 18,767,116 0.5 20.0 1.0 

 

 The wind speed agreement among WindSat, QuikScat, and NCEP is very good, with 
standard deviations ranging from 0.83 to 1.01 m/s.  Best agreement is between the two satellite 
sensors WindSat and QuikScat for which the standard deviation is 0.83 m/s.  The negative bias in 
the NCEP wind speeds that was seen in the buoy comparisons is not as apparent here (only –0.15 
m/s as compared to –0.30 m/s for the buoys).  With respect to the wind direction comparisons, 
very good agreement is seen between QuikScat and NCEP, whereas WindSat versus QuikScat or 
NCEP shows a significantly larger standard deviation. 

 The close agreement between QuikScat and NCEP may be due in part to the fact that the 
NCEP FNL analysis uses QuikScat wind vectors in its data assimilation.  Thus, the QuikScat and 
NCEP products are not independent, and one needs to be careful about making conclusions about 
the relative performance of WindSat versus QuikScat using NCEP as a reference.  Clearly, using 
NCEP as a reference favors QuikScat to some degree.   

 The wind speed results, stratified according to wind speed, are shown in Figure 12.  To 
produce this figure, the collocations are first binned according to the QuikScat wind speed.  The 
bins are every 1 m/s, centered at 0.5 m/s, 1.5 m/s, etc. The bin population is about 110,000 
collocations for the lowest bin (0-1 m/s), increases to more than 3,500,000 near 7 m/s, and then 
drops to about 11,000 at 20 m/s.  Figure 13 is the same as Figure 12 except that it shows the 
wind direction statistics.  

 The wind speed bias (upper panel in Figure 12) needs to be interpreted with caution.  Due to 
the fact we are binning the statistics according to the QuikScat wind speed, the bias statistics at 
either end of the distribution of winds (i.e., low winds below 3 m/s and high winds above 15 m/s) 
tend to be skewed.  In the mid-range between 3 and 15 m/s, the relative biases among WindSat, 
QuikScat, and NCEP fall within the 0.5 m/s range. 
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 The more interesting statistic is the standard deviation of the wind speed difference (lower 
panel in Figure 12).  For low to moderate winds (0 – 10 m/s), the deviation is relatively small 
being between 0.7 and 1.1 m/s for all three types of intercomparisons.  For high winds above 10 
m/s, the wind speed deviation increases, reaching a value near 1.7 m/s at 20 m/s.  This 
degradation in the agreement between WindSat, QuikScat, and NCEP at high winds is to be 
expected for several reasons.  First, high winds are associated with fast moving storms, and 
hence collocation errors associated with spatial-temporal mismatch become significant.  Second, 
the relationship between wind speed and surface roughness may become more variable for high 
sea states with large breaking waves.  Third, due to the fewer number of observations at high 
winds, the WindSat and QuikScat retrieval algorithms may not be fully tuned. 

 One interesting result is that at the low to moderate winds, the best agreement occurs 
between the two satellite retrievals: QuikScat and WindSat.  However, at higher winds above 10 
m/s, the QuikScat versus WindSat agreement degrades, and the best agreement is between 
QuikScat and NCEP.  This result is not consistent with previous results that show microwave 
scatterometer and radiometer wind retrievals tend to agree better with each other than with 
NCEP over the full range of winds from 0-20 m/s.   

 The standard deviation of the wind direction difference is shown in Figure 13 as a function 
of wind speed.  In this case, the best agreement is clearly between QuikScat and NCEP.  At 
moderate to high winds between 10 and 15 m/s, the QuikScat–NCEP standard deviation is 
remarkably low (8).  This may be due in part to the fact that the NCEP analysis uses QuikScat 
wind vectors in the data assimilation.  The standard deviation of WindSat relative to NCEP (or 
QuikScat) is about 13 for winds above 10 m/s.  For lower winds the standard deviation 
increases. 

 The WindSat wind-direction accuracy requirement is 25 for the wind speed range of 3-5 
m/s and 20 for the wind speed range from 5-25 m/s.   Figure 13 suggests that WindSat is 
meeting this requirement for winds above 7 m/s.  Between 5 and 7 m/s, there is some question as 
to whether WindSat is achieving a wind-direction accuracy of 20.  At first look, Figure 13 
indicates the requirement is not being met.  However, neither NCEP nor QuikScat represent 
‘truth’, and both have their own errors.  So the standard deviations shown in Figure 13 need to be 
partitioned into a WindSat error component and an NCEP or QuikScat error component.  The 
best method for doing this error partitioning is yet to be determined, but the following simple 
example is informative.  If the NCEP/QuikScat error is 15 and the WindSat error is 20, then 
the combined root-sum-squared error is 25.   If this were the case, then according to Figure 13, 
WindSat is meeting the 20-requirement for the 6-7 m/s bin.  However, the 20-requirement is 
not being met for the 5-6 m/s bin.  (Even if one assumes a 20 error for NCEP or QuikScat, the 
20-requirement is still not met for the 5-6 m/s bin.) 
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Figure 12.  Bias (upper) and standard deviation (lower) for wind speed differences between 
WindSat – NCEP (blue), WindSat – QuikScat (red), and QuikScat – NCEP (green).  
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Figure 13.  Bias (dashed curves) and standard deviation (solid curves) for wind direction 
differences between WindSat – NCEP (blue), WindSat – QuikScat (red) and QuikScat – NCEP 
(green).  Outliers having directional differences greater than 90 are removed from these 
statistics. 
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4. Future Plans:  Algorithm Improvements, Rain Effects, and CMIS  
 

4.1. Introduction 
 All of the WindSat results presented in Sections 2 and 3 are from the July 2004 version of 
the NRL WindSat retrieval algorithm.  In this section, we discuss the possible positive impact of 
future algorithm improvements, the negative impact of rain and finer spatial resolution, and the 
relationship between WindSat and its operational counterpart CMIS to be flown on NPOESS 
sometime around 2010.  

 

4.2. The RSS WindSat Retrieval Algorithm 
 Improving the WindSat retrieval algorithm is an on-going effort at both NRL and Remote 
Sensing Systems (RSS).  RSS is responsible for developing the Ocean EDR retrieval algorithm 
(sea-surface temperature, wind vector, and wind stress) for CMIS.  We expect that these 
development activities will result in better wind-vector retrieval performance, as compared to the 
results presented in Section 2 and 3.  As an example of possible improvements, we point to some 
recent results obtained from the RSS CMIS retrieval algorithm that was adapted to WindSat.  
The RSS algorithm is based on a long heritage of microwave radiometer and scatterometer 
investigations done over the last 25 years.  It differs from the NRL algorithm in several respects, 
some of which we will now briefly discuss.   

 When we first analyzed the 6-months of WindSat antenna temperatures, we found 
systematic errors related to the along-scan position of the observations.  We determined that 
these errors were a result of a small error in the knowledge of either the spacecraft roll/pitch or 
the alignment of the WindSat sensor relative to the spacecraft.  The roll and pitch errors (-0.159 
and +0.185, respectively) are constant over time, and hence the correction is easy once 
identified.  We made the appropriate adjustment to the WindSat geometry, and reprocessed the 
entire dataset.  It was very satisfying to see that one small adjustment the spacecraft attitude 
completely eliminated scan biases from all 22 WindSat channels.   (It is our understanding that, 
as part of the July 2004 wind-vector retrieval algorithm, NRL applied an empirical correction to 
remove along-scan biases. So this problem has, to some degree, been fixed in their July 2004 
data release.  Subsequently NRL has corrected this problem in the TDR processing and it is no 
longer a issue.) 

 The second difference is that the RSS algorithm uses all the available WindSat channels (v-
pol, h-pol, 3rd Stokes, and 4th Stokes), whereas the NRL algorithm only utilizes the 3rd and 4th 
Stokes.  The inclusion of the v-pol and h-pol channels in the wind-vector algorithm requires a 
very accurate specification of the geophysical model function (GMF).  The GMF is the 
relationship between brightness temperature (TB) and the following geophysical parameters: sea-
surface temperature (SST), wind vector, and atmospheric moisture and temperature.  So it was 
necessary to fine tune the GMF before performing the task of wind-vector retrieval.  This was 
done by collocating the WindSat TB with Reynolds’ SST, NCEP wind vectors, and SSM/I vapor 
and cloud water. 

 For v-pol and h-pol, this WindSat analysis essentially confirmed our pre-WindSat GMF 
[Meissner and Wentz, 2002], although some small adjustments seemed warranted.  For example, 
the WindSat analysis indicates a slightly larger v-pol 1st harmonic directional signal for winds 
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above 10 m/s and a larger h-pol 1st harmonic signal especially at 37 GHz.  On the other hand, the 
analysis of the 3rd and 4th Stokes parameters revealed significant differences to the aircraft 
measurements by Yueh and Wilson [1999].  The 3rd Stokes parameter at 10 m/s and below is only 
50% of Yueh and Wilson’s signal.  At high wind speeds, the aircraft and WindSat signals 
compare well.  The 4th Stokes parameter at 18.7 GHz is only 50% (above 10 m/s) or even less 
(below 10 m/s) of aircraft signal.  No trace of a 4th Stokes parameter at 37 GHz could be found.  
The GMF was updated based on the WindSat analysis in preparation for wind-vector retrievals. 

 The third difference between the RSS and NRL algorithms is spatial resolution.  The RSS 
algorithm resamples the observations at the resolution of the 10.7 GHz channel, which is 30 km.  
In contrast, the NRL algorithm averages the observations down to a resolution of 50 km.  The 
use of a 50-km resolution results in substantially more noise reduction than the 30-km resolution.  
This noise reduction should benefit the NRL algorithm, however, in areas of large spatial 
gradients, the NRL algorithm will fail to see the finer details of the wind field. 

 

4.3. Comparison of RSS and NRL Wind-Vector Retrievals 
 Having completed all the necessary initial steps, we are now beginning to do wind-vector 
retrievals for WindSat. Thus far we have only processed 628 orbits (orbits 3372 – 4000) and 
have not yet implemented the ambiguity selection algorithm.  So the only results we show here 
are for the ‘first-rank’ wind-vector solution.  By ‘first-rank’ we mean the wind-vector 
ambiguities that produce a set of TB that best match the observations.  No median filter is 
applied, and there is no reliance (or dependence) on the NCEP wind field.  As such, the first-rank 
wind vector is a very important indicator of the algorithm’s standalone skill at inferring the wind 
vector at the designated spatial resolution. 

 Figure 14 shows the results for bias and standard deviation of the first-ranked wind vector 
compared to NCEP for the initial set of 628 orbits. The results are binned into 1-m/s bins 
according to the NCEP wind speed.  Results for both the RSS and NRL algorithm are shown.  
Above 6 m/s, the RSS algorithm performs substantially better.  This better accuracy for the first-
rank wind vector will benefit the ambiguity selection algorithm and will result in an overall 
improvement in the wind-vector retrieval performance.  Thus, it appears significant 
enhancements can be made to the July 2004 version of the NRL algorithm, and more accurate 
wind retrievals can be realized as compared to the results presented in Section 2 and 3.  
However, the margin for improvement shown in Figure 14 is only for winds above 6 m/s.  For 
winds lower than this, neither algorithm performs well. 
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Figure 14.  Wind direction bias (dotted line) and standard deviation (solid line) for the WindSat 
first-ranked wind vector versus NCEP.  The NRL algorithm is shown in red, and the RSS algorithm 
is shown in blue.   

 

 

 

4.4.   Impact of Rain and Spatial Resolution 
 It seems that the WindSat rain flag is overly aggressive in flagging rain.  Approximately 
21% of the observation cells are flagged as rain.  Previous analyses that we have done for other 
satellite microwave radiometers and scatterometers indicate that the occurrence of rain is of the 
order of 5%, going up to 10% for aggressive rain filtering.  So the WindSat figure of 21% seems 
quite large. It appears that the NRL rain flag is excluding non-raining cloudy areas as well as 
active rain.  Since we excluded all observations that were flagged as rain by NRL, we currently 
have no information on the impact of rain on the retrievals.  

 The effect of rain on WindSat is a very important consideration.  Knowledge of the wind 
field in and around storm systems is crucial to weather forecasters, and the presence of rain has 
been a major limiting factor on retrieving winds in the vicinity of storms and hurricanes.  The 
ability of retrieve wind speed and direction in the presence of moderate to heavy rain has proven 
to be difficult for both satellite microwave radiometers and Ku-band scatterometers.  For light 
rain (< 2 mm/hr) the scatterometer’s performance is only slightly degraded if the winds are 
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above 10 m/s, which is usually the case for storms.  However, the radiometer wind speed 
retrievals are significantly degraded even in light rain.  So the question that needs answering is:   

How will light rain affect the ability of WindSat and CMIS to measure wind direction? 

We plan to answer this question by adapting our AMSR-E rain retrieval algorithm to WindSat.  
In this way we will obtain a rain rate for each WindSat observation.  Inter-comparison statistics 
like those presented in Section 2 and 3 can then be stratified according to rain rate (and 
according to distance from rain areas) to determine the impact of rain of the WindSat retrievals.  

Another issue we want to study is spatial resolution.  The 10.7-GHz channel is a primary 
channel for wind direction retrieval, while the 6.7-GHz channel is secondary.  For this reason, 
the RSS algorithm resamples the observations to the resolution of the 10.7-GHz channel, which 
is 30 km.  As mentioned above, the resolution for the NRL algorithm is 50 km.  We plan to 
investigate the trade space going from 50 to 30 km and determine what is lost and what is 
gained.  Clearly, the coarser resolution favors noise reduction, but what is the cost associated 
with the loss of the finer details in the wind field? 

  

4.5. NCEP Wind Product Considerations 
 One surprise (for us) coming from this study is the apparently superior performance of 
NCEP.  The NCEP FNL wind fields agreed better with the buoy reports in both speed and 
direction than WindSat, QuikScat, or SSM/I.  The only exception is NCEP’s small 0.3 m/s bias 
relative to the buoy wind speed, which is easily corrected.  This good agreement may in part be 
due to these buoys being assimilated by NCEP, and hence the NCEP FNL product and the buoys 
are not independent.  In any event, NCEP seems to be producing a very good wind product. 

 For example, a recent comparison of the RSS AMSR-E wind speed with NCEP yielded a 
standard deviation of 1.1 m/s.  (AMSR-E and NCEP are completely independent.)  A few years 
ago, when we did a similar comparison using the wind speed coming from the TRMM 
Microwave Imager (TMI), the standard deviation was about 1.6 m/s.  It appears that the NCEP 
product has undergone a significant improvement.  Probably this improvement is due to that fact 
that NCEP now assimilates QuikScat wind-vector retrievals.  Other enhancements in the NCEP 
assimilation methods and models over the last several years may also be responsible for the 
improved performance. 

 The fact that NCEP assimilates the buoy reports and the QuikScat retrievals makes the 
interpretation of the statistics in Sections 2 and 3 more difficult.  The wind vectors being 
compared are not independent, but we are not sure about the degree of correlation.   One 
optimistic scenario is that by virtue of the buoys and QuikScat, the NCEP FNL wind product has 
become a very accurate estimate of the true ocean near-surface wind field, and as such is an 
easy-to-use validation dataset for assessing the performance of new satellite wind sensors.  If this 
is the case, the WindSat versus NCEP comparisons shown in Section 3 should be viewed as a 
good measure of the true accuracy of the WindSat retrievals. 

One other consideration relating to NCEP is the fact that the retrieval algorithms for both 
QuikScat and WindSat use NCEP to initialize the median filter that is used for ambiguity 
selection.  The dependence of the final wind product on this initialization depends on the number 
and angular spread of the ambiguities.  The reliance on NCEP for algorithm initialization needs 
to be better understood. 
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4.6.  Relationship between WindSat and CMIS 
Our final comment is with regards to the Conical Microwave Imager Sounder (CMIS) to 

be flown on NPOESS sometime around 2010.  Part of the WindSat mission is risk-reduction for 
CMIS.  However, it should be kept in mind that WindSat and CMIS are not the same sensor.  
WindSat has more polarimetric channels (i.e, more 3rd and 4th Stokes channels).  The noise figure 
(i.e., NEDT) for the WindSat channels is also lower due to WindSat utilizing larger channel 
bandwidths.  (The CMIS project is currently considering increasing the bandwidths to reduce the 
NEDT at the risk of RFI contamination.)  There are other differences as well, and furthermore 
the CMIS design is yet to be finalized (although it will be soon).  Our point here is that one 
should not directly translate the WindSat performance figures to CMIS.  The two sensors are 
different, and the impact of these differences on the wind vector retrievals needs to be quantified.  
RSS plans to investigate this problem by doing wind-vector retrievals using just the subset of 
WindSat channels that correspond to CMIS and adding noise to the observations to make them 
equivalent to the CMIS NEDT figures.  
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