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[1] High‐resolution wind products based on space‐borne scatterometer measurements
by ASCAT and SeaWinds are used widely for various purposes. In this paper the
quality of such products is assessed in terms of accuracy and resolution, using spectral
analysis and triple collocation with buoy measurements and NWP model forecasts.
An experimental ASCAT coastal product is shown to have a spectral behavior close to
k−5/3 for scales around 100 km, as expected from theory and airborne measurements.
The NWP spectra fall off more rapidly than the scatterometer wind spectra starting at
scales of about 1000 km. Triple collocation is performed for four collocated data sets,
each with a different scatterometer wind product: ASCAT at 12.5 km and 25 km, and
SeaWinds at 25 km processed in two different ways. The spectral difference between
scatterometer wind and model forecast is integrated to obtain the representation error
which originates from the fact that global weather models miss small‐scale details
observed by the scatterometers and the buoys. The estimated errors in buoy winds and
model winds are consistent over the data sets for the meriodional wind component; for the
zonal wind component consistency is less, but still acceptable. Generally, enhanced detail
in the scatterometer winds, as indicated at high spatial frequencies by a spectral tail
close to k−5/3, results in better agreement with buoys and worse agreement with NWP
predictions. The accuracy of the scatterometer winds is about 1 ms−1 or better.
The calibration coefficients from triple collocation indicate that on average the
ASCAT winds are slightly underestimated.

Citation: Vogelzang, J., A. Stoffelen, A. Verhoef, and J. Figa‐Saldaña (2011), On the quality of high‐resolution scatterometer
winds, J. Geophys. Res., 116, C10033, doi:10.1029/2010JC006640.

1. Introduction

[2] Wind scatterometry is a widely used technique for
measuring global ocean surface winds from space. Current
operational applications include, among others, assimilation
into global models for numerical weather prediction like that
of the European Centre for Medium range Weather Fore-
casting (ECMWF) [Hersbach and Janssen, 2007] and
detection of tropical and extratropical hurricanes for marine
nowcasting [Brennan et al., 2009].
[3] Scatterometers measure the radar cross section of the

ocean surface. A Geophysical Model Function (GMF) pro-
vides the radar cross section as a function of the equivalent
neutral wind vector at 10 m anemometer height, incidence
angle, relative azimuth angle, radar frequency, and polariza-
tion [Wentz and Smith, 1999; Hersbach et al., 2007].
Numerical inversion of the GMF yields the scatterometer
wind measurement [Stoffelen and Portabella, 2006]. Due to
the nature of radar backscatter from the ocean surface, this
procedure usually provides more than one solution. These
multiple solutions are referred to as ambiguities. If the scat-

terometer observations are to be assimilated in a numerical
weather prediction (NWP)model, the ambiguities and their a‐
priori probabilities can be fed into the variational data
assimilation scheme of that model and combined with other
observations [Stoffelen and Anderson, 1997; Portabella and
Stoffelen, 2004]. If, on the other hand, the scatterometer
observations are intended as stand‐alone information source
for nowcasting, it is necessary to select the solution that is
most likely the correct one. This is done in the ambiguity
removal (AR) step.
[4] ASCAT is a scatterometer at C‐band equipped with

three arms, each with two radar antennas [Figa‐Saldaña
et al., 2002]. It is carried by the MetOp‐A satellite that
was launched in 2006 and it is operated by the European
Organisation for the Exploitation of Meteorological Satel-
lites (EUMETSAT). It is planned that MetOp‐A will be
followed by MetOp‐B in 2012 and MetOp‐C in 2017, thus
providing for at least 15 years of operational scatterometer
data services. Level 1 processing is done by EUMETSAT;
level 2 wind processing by the Royal Netherlands Meteo-
rological Institute (KNMI) within the framework of the
Ocean and Sea Ice Satellite Application Facility (OSI SAF).
The level 2 processor, the ASCAT Wind Data Processor
(AWDP) has been constructed within the SAF for Numerical
Weather Prediction (NWP SAF). The SAF program is spon-
sored by EUMETSAT. The ASCAT 25‐km (ASCAT‐25)

1KNMI, De Bilt, Netherlands.
2EUMETSAT, Darmstadt, Germany.

Copyright 2011 by the American Geophysical Union.
0148‐0227/11/2010JC006640

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 116, C10033, doi:10.1029/2010JC006640, 2011

C10033 1 of 14

http://dx.doi.org/10.1029/2010JC006640


and 12.5‐km (ASCAT‐12.5) products can be found on the
OSI SAF web pages at KNMI (www.knmi.nl/scatterometer).
The ASCAT coastal product is available experimentally. Its
level 1 processing differs from that of the other ASCAT
products in the way raw measurements are averaged to a
triplet of radar cross sections per wind vector cell (WVC), see
section 3 for more details.
[5] SeaWinds on board QuikSCAT is a rotating pencil‐beam

scatterometer operating at Ku‐band [Tsai et al., 2000]. This
highly successful mission lasted from 1999 until November
2009. A near‐real‐time SeaWinds product (SeaWinds‐NOAA)
was issued by the National Oceanic and Atmospheric Admin-
istration (NOAA). Ambiguity removal was done with the
Direction Interval Retrieval with Thresholded Nudging
(DIRTH) algorithm [Stiles et al., 2002]. The KNMI SeaWinds
product (SeaWinds‐KNMI) is derived from the SeaWinds‐
NOAA product using the SeaWinds Data Processor (SDP) that
was developed within the NWP SAF. SDP features improved
(rain) quality control [Portabella and Stoffelen, 2002a] and
two‐dimensional variational ambiguity removal (2DVAR)
[Vogelzang et al., 2009]. SeaWinds data are very noisy in the
nadir part of its swath because its measurement geometry at
nadir gives rise to broad minima in the GMF. Vogelzang et al.
[2009] show that this noise is effectively suppressed in the
SeaWinds‐KNMI product by the Multiple Solution Scheme
(MSS) in combination with 2DVAR. MSS retains the local
wind vector probability density function after inversion rather
than only a limited number of ambiguous solutions, which
poorly represent the broad minima. This allows 2DVAR to
select a wind vector that has slightly lower a‐priori probability
but much more spatial consistency, thus reducing noise.
[6] The aim of this paper is to characterize in detail the

quality of operationally available scatterometer wind pro-
ducts in order to provide guidance to their users as to which
product may be best suited for his or her application. More-
over, in the development of scatterometer wind products,
processing options need to be traded off and a set of objective
tools to do so must be developed. Two main issues generally
appear in product comparisons. First, since not all products
use the same quality control (QC) their geographical sam-
pling may differ and thus over a given period different pro-
ducts may show different statistical characteristics. Second,
the level of smoothing applied to suppress measurement noise
may differ among products. Users may want to consider what
amount of smoothing is appropriate for their application and
thus may accept different levels of noise or spatial represen-
tation (smoothness).
[7] To address these two issues, we elaborated two tests for

product comparison: (1) analysis of the wind component
spectra to detect noise and assess the relative amount of small
scale information, and (2) triple collocation with a represen-

tative set of ECMWF NWP data and buoy data to calculate
error variances and calibration coefficients.
[8] The wind products considered here are listed in Table 1.

The term “operational” must be taken in a broad sense, since
this study addresses wind products that recently ceased
(SeaWinds) as well as experimental products (ASCAT‐Box).
It also indicates that the data sets were produced to support
operational forecasting in the first place, so the processing
software may have been upgraded meanwhile. ASCAT was
not corrected for equivalent neutral wind before January
2009, but since this correction is a constant of 0.2 ms−1 to the
wind speed, it only affects the bias of the ASCAT winds, not
their error standard deviation. Other upgrades of the proces-
sing software during the period of interest did not affect
inversion, quality control, or ambiguity removal, so in this
respect the scatterometer data set is homogeneous. The Sea-
Winds science product issued by the National Aeronautics
and Space Administration (NASA) falls outside the scope of
this study. However, Portabella and Stoffelen [2002b] find
little statistical difference between collocated NASA and
NOAA products.
[9] Spectra from aircraft measurements at various heights

show an approximate k−3 behavior for scales larger than
1000 km and a k−5/3 behavior for scales from about 500 km
down to 3 km [Nastrom et al., 1984; Nastrom and Gage,
1985]. Freilich and Chelton [1986] calculate spectra from
wind measured with the Seasat‐A Satellite Scatterometer
(SASS) for scales up to 200 km, just on the edge of the k−5/3

regime. Chelton et al. [2006] study spectra of QuikSCAT
winds and find for scales below 1000 km a behavior that is
slightly flatter than k−2. Patoux and Brown [2001] calculate
kinetic energy spectra over the Pacific from QuikSCAT
measurements and find a k−2 behavior for scales between
1500 km to 50 km, with some flattening due to noise at the
high frequency part of the spectrum. Milliff [2004] reports
similar results for QuikSCAT zonal wind spectra over the
Mediterranean, with an even more prominent noise floor.
[10] The triple collocation method was introduced by

Stoffelen [1998]. Given a set of triplets of collocated measure-
ments and assuming linear calibration, it is possible to simul-
taneously calculate the errors in the measurements and the
relative calibration coefficients. The method has been applied
to assess the accuracy of, e.g., ocean wave height [Janssen
et al., 2007] and ocean stress [Portabella and Stoffelen,
2009]. A complication in the triple collocation method is that
the spatial resolution of global NWP models is much coarser
than that of scatterometer or buoy measurements. This is
handled by introducing the representation error, a correlated
error between scatterometer and buoy measurements that
represents small scale informationmissed by theNWPmodel,
but captured by both scatterometer and buoy. Stoffelen [1998]
estimated the representation error on basis of total variance
and a k−5/3 wind spectrum. Here the correlated error is cal-
culated by integrating the difference between actual scatte-
rometer and NWP spectra.
[11] The triple collocation method can give the measure-

ment errors from the coarse resolution NWP model per-
spective or from the intermediate resolution scatterometer
perspective, but not from the fine resolution buoy perspective
without further assumptions on the local buoy measurement
error. Signal present in buoy measurements but not in scat-
terometer measurements is therefore contained in the buoy

Table 1. Overview of the Scatterometer Wind Products Addressed
in This Study

Name Grid Size (km) Issued by Status

SeaWinds‐NOAA 25 NOAA discontinued
SeaWinds‐KNMI 25 KNMI discontinued
ASCAT‐25 25 KNMI operational
ASCAT‐12.5 12.5 KNMI operational
ASCAT‐Box 12.5 KNMI demonstration
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error. This perception of errors being scale dependent is very
important in the concept of triple collocation. Portabella and
Stoffelen [2009] apply the triple collocation method to indi-
vidual buoys and find geophysical effects possibly caused by
currents, sea state, and local wind climate. These effects are
neglected here, but it can be expected that these effects add to
the buoy errors. Since the main focus is on the quality of
scatterometer winds, this is not considered as a serious
drawback.
[12] In what follows the term resolution refers to the true

spatial resolution of a measurement system (scatterometer,
buoy, or NWP model), i.e., the size of the smallest details
discernible. The resolution of scatterometer wind fields is
hard to establish, because the gridded radar cross section
multiplets from which wind vectors are calculated are
obtained from different footprint shapes and different antenna
orientations. Moreover, the ambiguity removal processing
acts as a spatial filter. The resolution is not to be confused
with the grid size on which scatterometer measurements or
model data are presented.
[13] The relevant formulas for spectral analysis and triple

collocation are summarized in section 2. The methods used
for sampling and detrending are described in more detail, and
an estimate for the precision in the triple collocation errors is
given. Section 3 describes the data sets used. In this section
the difference in level 1 processing between the ASCAT‐Box
product and the other ASCAT products is described. The
results are presented in section 4. They were obtained for all
winds speeds and for all ASCAT incidence angles and Sea-
Winds azimuth angles. It is shown that spectral analysis and
triple collocation yield consistent results for the meridional
wind component v. Consistency is less for the zonal wind
component u but still acceptable when the SeaWinds‐NOAA
data set is left out of consideration. This product has a random
error with a standard deviation of 1.2 ms−1 in u and 1.1 ms−1

in v, while the other products have smaller error standard
deviations between 0.6 ms−1 and 0.8 ms−1 (errors averaged
over all wind speeds and all incidence or azimuth angles). The
calibration coefficients indicate that at high winds the KNMI
products (ASCAT‐12.5, ASCAT‐25, and SeaWinds‐KNMI)
slightly underestimate the wind magnitude, while the Sea-
Winds‐NOAA product overestimates it. Possible reasons for
the deviant behavior of the SeaWinds‐NOAA product are
discussed in section 5. Here also the consequences for prac-
tical use are considered. The paper ends with the conclusions
in section 6.

2. Analysis Methods

2.1. Spectral Analysis

[14] A scatterometer like SeaWinds or ASCAT measures
the normalized radar cross section of the ocean surface. The
cross sections are averaged on an approximately regular grid
with size D, typically equal to 12.5 km or 25 km. The wind
vector is then calculated from the gridded cross sections. In
this study samples of the wind vector, in particular its zonal
and meridional components u and v, are collected along the
satellite track for each across‐track Wind Vector Cell
(WVC) separately. No samples in the across‐track direction
are collected. For each sample a spectrum is calculated, and
all spectra are averaged, thus averaging over all possible

across‐track dependencies. The whole swath of ASCAT and
SeaWinds is taken into consideration, including SeaWinds’
outer and nadir parts of the swath.
[15] A prerequisite for spectral analysis with the Fast

Fourier Technique (FFT) is that the samples do not contain
missing values. In order to increase the number of valid
samples, isolatedmissingWVCs, mainly due to QC, are filled
by linear interpolation. Figure 1 shows the global density of
accepted WVCs on a 1° × 1° grid for all SeaWinds‐KNMI
data at 25 km grid size from January 2009. The global density
is defined as the number of WVCs in a 1° × 1° grid box that
are member of a valid sample, divided by the total number of
WVCs in all samples (so summing the global density over all
grid boxes yields 1). Without interpolation (Figure 1, top) a
total number of 9120 samples with length 128 is found,
containing only 6.3% of all available data. Interpolation over
isolated missing WVCs (Figure 1, bottom) increases the
number of samples to 50740 containing 35% of all available
data. Moreover, comparison of the two panels shows that
interpolation decreases the highest density over the open
ocean (blue and purple) and increases the relative contribu-
tion of coastal areas, thus leading to more representative
sampling over the oceans. Interpolation over two or more
missing WVCs only yields a few hundred additional valid
samples. For ASCAT relatively few WVCs are QC‐ed
because rain has less impact on observations at C‐band than at
Ku‐band and the effect of interpolation is less pronounced.
Nevertheless, the same interpolation strategy will be followed
for all scatterometer wind products.
[16] For a sampled wind component zi,i = 0,1,…, N − 1

the one‐sided wind spectral density y is defined as
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with ẑ the Fourier transform of z obtained using standard
FFT techniques and kj the spatial frequency given by
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[17] The mean square value of the wind component in the
sample, hz2i, is equal to the spectrum integrated over all
values

hz2i ¼ 1

ND

XN=2
j¼0

 j ð3Þ

[18] With this normalization, the variance in the interval

(km,kn) equals
Pn
j¼m

Y jDk with Dk = (ND)−1. The final spec-

trum is obtained by averaging the spectra from each indi-
vidual sample.
[19] In this study a sample contains typicallyN = 128 points,

covering a strip over the ocean of 3200 km (for wind products
on a 25 km grid) or 1600 km (for wind products on a 12.5 km
grid). This misses the largest‐scale wind variations over the
oceans caused by e.g., the trades as illustrated in Figure 2. This
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