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V alidation. This supplement provides  
 additional detail to validate the variational  
 analysis method (VAM) and estimate the accu-

racy of the generated cross-calibrated multiplatform 
(CCMP) wind fields. As noted in the article, the VAM 
analyzed winds were compared to the assimilated ob-
servations including ships, buoys, and satellite winds. 
For each comparison, the gridded (u,v) analyses were 
interpolated to the observation locations. Collocated 
observations were required to be within 30 min of 
the analysis time (0000, 0600, 1200, and 1800 UTC) 
and at least 100 km from any landmass. Only those 
observations that passed the VAM quality control 
were used in the comparison. Ship and buoy winds 
are first adjusted to 10-m neutral winds as described 
below.

Collocation statistics for five analysis datasets 
are presented here. The analysis datasets and basic 
results are listed in Table 2 of the article. Collocation 
statistics include RMS and mean speed and direction 

differences. A positive mean speed difference in-
dicates that the analysis speed is greater than the 
observed speed. A positive mean direction difference 
indicates that the analysis wind direction is blowing 
to the right of the observed wind direction in the 
Northern Hemisphere and to the left in the Southern 
Hemisphere. Geostrophically speaking, a positive 
wind direction difference means that the observed 
wind is blowing more toward low pressure than the 
analysis wind. Directional comparisons were not 
performed if the observed or analyzed wind speed 
was less than 1 m s−1.

Height adjustment for wind observations. For validation, 
as well as for use in the VAM, all conventional ob-
servations are adjusted to a height of 10 m assuming 
neutral stability and using the logarithmic profile,
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Here, V10 is the 10-m wind, and V is the wind at height 
z. Because the roughness length z0 is an implicit func-
tion of V, we use the following approximation:

 

where the Charnock constant a is taken to be 0.032, 
the von Kármán constant k is 0.40, the gravitational 
constant g is 9.81 m s−2, and c0 = 3.7 and c1 = 1.165 are 
constants obtained by least squares fitting log (z/z0) 
as a function of log

 

This approximation of z0 yields 10-m winds over the 
range 0–30 m s−1 that agree to within 1% of winds 
determined by solving the implicit equation for z0 

iteratively until convergence. When unavailable, 
instrument heights are assumed to be 19.5 m for ships 
and 5 m for buoys. Ship heights are unavailable for 
roughly half of the observations.

Comparison to microwave radiometer wind speeds. The 
CCMP analysis is nearly unbiased relative to the as-
similated wind speeds over the entire 20-yr period 
with an RMS fit of approximately 0.5 m s−1 (Fig. S1). 
The Special Sensor Microwave Imager (SSM/I) mul-
tiplatform (SSMP; see Table 2 for definition) analysis 
has a slight negative bias (−0.2 m s−1) with an RMS fit 
of approximately 1 m s−1 during the same period. An 
abrupt reduction in the RMS and mean speed differ-
ence can be seen in July 2002 with the introduction 
of the cross-calibrated SSM/I speeds into the SSMP 
analysis (an older version of the satellite speeds was 
used prior to July 2002).

The National Centers for Environmental Predic-
tion (NCEP), the 40-yr European Centre for Medium-
Range Weather Forecasts (ECMWF) Re-Analysis 
(ERA-40), and ECMWF operational (ECOP) analyses 
have significant low wind speed biases on the order 
of 0.5 m s−1 for the entire period. The RMS fit ranges 
from 2.5 to 1.2 m s−1. As the ECMWF operational 
analysis evolves over time, it fits the Remote Sensing 
Systems (RSS) winds more closely. There is also a 
slow but steady improvement in the RMS fits for 
both reanalyses as data coverage and hence accuracy 
improve with time.

It is worth noting that there are significant fluc-
tuations in the comparison of mean speed from 1987 
to 1992. Collocations during this period are almost 
exclusively with the SSM/I F08 data. Furthermore, 
these fluctuations are mainly absent in the CCMP 
analysis because the VAM fits the assimilated ob-
servations closely. By comparison, the coarser and 
somewhat smoother SSMP analyses retain some 
signature of the ERA-15 data used as a background 
wind field during this period. Prominent peaks that 
occur in November of each year between 1988 and 
1991 are most likely due to anomalies in the SSM/I 
F08 instrument. These anomalies can result from 
large thermal gradients induced by periodic changes 
in the solar heating of the instrument. This artificial 
fluctuation in the retrieved speeds will be corrected 
in future releases of the datasets.

Comparison to scatterometer winds. The CCMP analy-
sis has an RMS vector difference of approximately 
0.8 m s−1 relative to the assimilated Quick Scatter-
ometer (QuikSCAT) data (Fig. S2). This is consistent 
over the entire period of available QuikSCAT data. 

Fig. S1. (top) RMS speed difference and (bottom) mean 
speed difference for each analysis versus the cross-
calibrated satellite surface wind datasets. a negative 
mean speed difference indicates that the analysis wind 
speed is less than the satellite wind speed. Statistics 
were calculated in 1-month bins starting in July 1987.
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Comparison with other analyses is affected in part 
by the evolution of the data assimilation systems 
and the data used to produce those analyses. Both 
ECMWF and NCEP began to assimilate QuikSCAT 
observations operationally in January 2002, but the 
ERA and NCEP reanalyses discussed here did not 
assimilate these data.

The RMS fit of the ECOP analysis improves from 
2.5 to 2 m s−1 in 2002, when ECMWF began to assimi-
late QuikSCAT data. The SSMP analysis, which used 
the ECOP winds as a background starting in 1994, did 
not assimilate QuikSCAT and is unable to improve 
the fit to the QuikSCAT data using speed-only mea-
surements from SSM/I. The RMS fit of the ERA-40 
is steady at approximately 2.5 m s−1 but then jumps to 
approximately 3 m s−1 in 2002. The NCEP analysis fit 
is approximately 3.2 m s−1 over the entire period. 

Both the ERA-40 and ECOP analyses have a clear 
positive directional bias of approximately 2° versus 
QuikSCAT (Fig. S2). As defined here, a positive 
directional bias indicates that the QuikSCAT wind 
is blowing more toward low pressure than the ana-
lyzed wind. The same bias is observed in the SSMP 
analysis, which did not assimilate QuikSCAT and 
hence reflects the bias of the ECOP winds used as 
a background. It is interesting to note that there is 
no change in the characteristic of the bias with the 
introduction of QuikSCAT winds into the ECOP 
analysis starting in 2002. One explanation is that data 
assimilation systems are optimized for producing the 
best initial condition for model forecasting; as such, 
surface winds from ECMWF and other operational 
analyses are smoother than reality. The CCMP analy-
sis is designed to represent the ocean surface wind 
field as realistically as possible, and it uses all of the 
satellite and in situ surface wind data very effectively 
for this purpose.

The NCEP reanalysis winds, however, do not 
exhibit the same positive directional bias that the 
ECMWF analyses have with respect to QuikSCAT. 
The 10-m winds from the NCEP reanalysis are actu-
ally 6-h forecasts, which more closely reflect model 
dynamics than 10-m winds derived from an analysis. 
To demonstrate the impact of this, the NCEP op-
erational analysis was compared to QuikSCAT for 
a 1-month period in January 2001. The operational 
analysis yields a directional bias of 2.4°, which is 
more consistent with the ECMWF directional bias. 
The NCEP reanalysis for January 2001, however, has 
a directional bias of −0.6° for the same period.

As mentioned in the description of the methodol-
ogy, the VAM wind directions should be an improve-
ment over simply assigning the ECMWF directions to 

the radiometer wind observations. Visually, CCMP 
winds contain more meteorological information that 
is synoptically consistent and of higher quality than 
the ECMWF background. However, with more small-
scale variability compared to the smoother back-
ground wind fields, CCMP may suffer in quantitative 
comparisons because slight errors in the position of 
small-scale features can result in large amplitude 
errors. We conducted a special one-month experi-
ment for January 2001 to make a clean comparison. 
For this purpose, the only data provided to the VAM 
were QuikSCAT wind speeds. Statistics were cal-
culated for over 700,000 collocations of QuikSCAT 
observations within 30 min of the synoptic time. The 
ECOP − QuikSCAT differences and the special VAM 
analyses − QuikSCAT differences were statistically 

Fig. S2. (top) RMS vector difference and (bottom) 
mean direction difference for each analysis versus 
the cross-calibrated QuikSCat dataset. a positive 
direction difference indicates that the QuikSCat 
winds are blowing more toward low pressure than the 
analysis wind. Statistics were calculated in 1-month 
bins starting in July 1999.
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nearly the same, with the VAM giving slightly better fits 
to the QuikSCAT wind vectors. Because we are using only 
QuikSCAT wind speed and comparing only to QuikSCAT 
winds, the RMS wind speed differences (VAM analyses − 
QuikSCAT) were smaller (0.35 m s−1 vs 0.50 m s−1) in this 
experiment than for the CCMP and the RMS vector wind 
differences were larger (1.8 m s−1 vs 0.8 m s−1). Comparing 
ECOP to QuikSCAT gives RMS wind speed differences 
of 1.4 m s−1 and RMS vector wind differences of 2.2 m s−1, 
consistent with the results displayed in Figs. S1 and S2.

Comparison to conventional winds. Comparison with con-
ventional (in situ) observations was performed over the 
year 2001 (Fig. S3). Ship and buoy measurement heights 
were adjusted to 10 m assuming neutral stability, as 
described above in the section on height adjustment for 
wind observations. A height of 19.5 m was assigned to ship 
measurements when the actual height was unknown.

The CCMP analysis has the best overall fit to the in 
situ observations with an RMS speed difference ranging 
from 1.6 m s−1 versus ships to 0.6 m s−1 versus the higher-

Fig. S3. Comparison of five analyses with conventional ship and buoy data for the period January–
december 2001. a negative mean speed difference indicates that the analysis wind speed is lower than 
the conventional wind speed. a positive mean direction difference indicates that the conventional wind 
direction is blowing more toward low pressure than the analysis wind direction. the number of collo-
cations for each comparison is shown as the value N. Collocation counts can vary for directional com-
parisons because no statistics are calculated if the observed or analyzed speed is less than 1 m s−1.
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quality Tropical Atmosphere Ocean (TAO) buoys. This is 
also seen in the RMS direction fit that ranges from 11.5° 
to 7.0°. Overall, the CCMP analysis has a slight negative 
speed bias on the order of 0.2 m s−1 with a negligible 
direction bias.

The SSMP analysis has slightly larger RMS differences 
because of the coarser resolution of the analysis. This is 
also true of the ECMWF and NCEP analyses, which also 
have coarser resolution and larger RMS speed differences, 
especially so for NCEP. The ECMWF and NCEP analyses 
also have significant wind speed biases on the order of 
1 m s−1. The wind speed bias statistics indicate that ship 
and buoy winds are roughly 0.7 m s−1 higher than the 
analyses, whereas earlier we saw that the satellite winds 
were roughly 0.5 m s−1 higher. One likely line of reasoning 
to explain the low relative bias of the ECMWF analyses 
is that the in situ point measurements include very small 
scales. These scales are associated with stronger winds, 
and the analysis system is designed to filter out small 
scales. Also the procedure described above in the sec-
tion on height adjustment for wind observations may 

introduce errors because of the effects of stability and 
incorrect observation heights. RMS direction differences 
of the SSMP, ECOP, ERA-40, and NCEP analyses are also 
much larger than CCMP. This is especially so versus the 
NCEP wind directions, which is expected because the 
NCEP winds are actually 6-h forecast winds made using 
a data assimilation system at coarser resolution. It is noted 
that some of the TOA buoys used in this comparison may 
not have been available in the SSMP, ECOP, ERA-40, 
and NCEP analyses but were used in the CCMP analysis 
because it was performed at a later date when more of the 
buoy data had been retrieved.

The directional bias versus ships is consistent with 
results found versus QuikSCAT observations, indicating 
that the ECMWF analyses are less convergent (more geo-
strophic) than the VAM analyses that fit the observations 
more closely. The NCEP reanalysis does not exhibit this 
bias as explained in the section on comparison to scat-
terometer winds. The mean directional difference versus 
buoys is less amenable to explanation because of their 
uneven distribution.
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