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ASCAT Ultrahigh-Resolution Wind Products
on Optimized Grids

Jur Vogelzang and Ad Stoffelen

Abstract—The accuracy and spatial resolution of ultrahigh-
resolution wind products derived from full-resolution ASCAT
radar cross-section measurements are determined by the size and
shape of the aggregation area. Current high-resolution products
(ASCAT-coastal and ASCAT-6.25) are defined on a regular swath
grid (size 12.5 and 6.25 km, respectively) and use a circular aggre-
gation area (15 and 7.5 km radius resp.). For ASCAT-6.25, such
approach leads to poor radar sampling, causing noise in the re-
trieved winds, and poor beam overlap, causing geophysical errors.
More regular radar sampling and improved beam overlap can be
obtained by using a grid that is synchronized with respect to the
ASCAT mid-beam full-resolution measurements. This results in a
new generation of ASCAT wind products. It is shown that a product
on a 5.6 km grid size (on average) with optimized radar sampling
compares better to buoys than ASCAT-6.25, but at the cost of an
irregular grid and slightly degraded spatial resolution.

Index Terms—Radar, wind.

1. INTRODUCTION

TUDIES of dynamic mesoscale features over the ocean
S like convective cells, coastal jets, and von Karméan vortices
in the wake of isles, require high-resolution wind data. Space-
borne scatterometers can provide such information. Recently,
the ASCAT-6.25 product which contains ocean surface vector
winds on a 6.25 km grid was presented [1]. It uses as input the
full-resolution L1B radar cross-section product issued by the
European Organisation for the Exploitation of Meteorological
Satellites (EUMETSAT). This product contains the individual
radar cross section values as produced by the on-board processor
of the MetOp satellite carrying ASCAT. The spatial extent of the
individual cross sections is limited by beam width in azimuth
and by on-board processing in range. It is described by the
spatial response function (SRF).

The radar cross section per beam attributed to a wind vector
cell (WVC) is the average of all full-resolution radar cross sec-
tions with their centers falling within a circular aggregation area
with radius Ry, .x. The same procedure is applied in processing
of the well-known ASCAT-coastal product [2], which has an
aggregation radius Ry, of 15 km and a true spatial resolu-
tion of about 28 km. ASCAT-6.25 has an aggregation radius of
7.5 km and a true spatial resolution of about 17 km. Its wind
quality is slightly worse though than that of ASCAT-coastal:

Manuscript received June 30, 2016; revised September 16, 2016; accepted
October 24, 2016. This work was supported by EUMETSAT as part of the
Satellite Application Facility for Numerical Weather Prediction (NWP SAF).
(Corresponding author: Jur Vogelzang.)

The authors are with the Royal Netherlands Meteorological Institute
(KNMI), De Bilt, The Netherlands, 3731 GA (e-mail: Jur.Vogelzang @knmi.nl;
Ad.Stoffelen @knmi.nl).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/JSTARS.2016.2623861

Fig. 1.  Schematic illustration of scatterometer sampling for ASCAT-6.25 and
ASCAT-coastal. A target WVC (thick solid line, with aggregation radius Ry, ax )
is sampled from two different perspectives (for simplification), with measure-
ment footprints indicated by solid and dashed ellipses, respectively.

it contains about 0.2 m?*/ s> more noise variance in the wind
components when compared with buoys and forecasts from the
european centre for medium-range weather forecasts (ECMWF)
in a triple collocation analysis [1]. Fig. 1 gives a schematic rep-
resentation of the aggregation procedure, taken from [2].

The reason why ASCAT-6.25 is noisier than ASCAT-coastal
is its smaller aggregation area. Less full-resolution radar cross
sections contribute to the average radar cross section per beam,
resulting in noisier backscatter and winds. This is in particular
the case for the mid beam at low incidence angles. Further-
more, the individual full-resolution measurements are not evenly
spread over the aggregation area. Therefore, the three beams
may cover different parts of the ocean surface, leading to geo-
physical inconsistencies in the wind retrieval and lower quality
winds. This will be important for dynamic mesoscale features—
just the type of phenomena that requires high-resolution wind
fields for analysis.

Fig. 2 shows the SRFs for single ASCAT full-resolution mea-
surements for fore, mid, and aft beams (top, middle, and bottom
panels, respectively), and for low, medium, and high incidence
angles (left, middle, and right panels, respectively). As Fig. 2
pertains to measurements from the right beams in an ascending
orbit close to the equator, the corresponding WVC numbers for
ASCAT-coastal are 42, 62, and 82. The ASCAT-coastal WVC

1939-1404 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.


http://www.ieee.org/publications_standards/publications/rights/index.html

2 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING

1 >-10dB
> -3dB

I > -2dB
I > -1 dB

WVC 42 Fore| WVC 62 Fore

=

C 82 Fore

-134° -131.5° -129.5°

WVC 42 Mid WVC 62 Mid WVC 82 Mi

-134° -131.5° -129.5°

WVC 42 Aft

-134° -131.5° -129.5°

Fig. 2. Spatial response functions of a single ASCAT full-resolution radar
cross-section measurement for the fore beam (top panels), mid beam (middle
panels), and aft beam (bottom panels) for WVC’s 42, 62, and 82 of the ASCAT-
coastal product. The square box gives the WVC (size 12.5 km) and the dotted
circle the boundary of the aggregation area (radius 15 km).

measuring 12.5 km by 12.5 km is indicated by the solid square,
the aggregation area with 15 km radius is indicated by the doted
circle. The magnitude of the SRF in dB is given by the colors.

The SRFs have an elliptical shape, and are to be compared
to those in Fig. 1. The shape of the SRF’s is determined by the
antenna footprint, the range-gating, and the Doppler shift. The
ellipses are quite elongated, notably for the mid beam. This is
caused by on-board averaging of the antenna pulses: each full-
resolution radar cross section is based on the running average of
eight individual antenna pulses. The chirps for the fore and aft
beams go in different directions (low to high frequency versus
high to low), and Doppler shifts change the orientation of the
ellipses in such a way that the fore and aft beam SRFs have
almost the same orientation [3]. Fig. 2 also shows that the SRFs
rapidly drop off to zero.

This study is a first attempt to improve on ASCAT-6.25 by ex-
ploiting the possibilities of the full-resolution L1B radar cross-
section product. As noted in [1] improved radar sampling can
be achieved by defining the WVC grid relative to the mid-beam
measurement pattern. The average distance between two full-
resolution measurements in the along-track direction is about
5.6 km, which restricts the WVC grid size to multiples of
5.6 km. Here, we concentrate on a WVC grid size of 5.6 km,
referring to the wind products on this grid as ASCAT-5.6, and
compare results with ASCAT-6.25.

Since the WVC grid is synchronized with the regular mid-
beam measurements, it is not necessary to check for each indi-
vidual WVC which measurement falls within the aggregation

area, as is the procedure for the ASCAT-coastal and ASCAT-
6.25 products. Instead, this search needs to be done only once
for a single row of WVC’s, and the results can be stored in a
look-up table further referred to as aggregation table. However,
the Metop orbit is slightly elliptical due to the nonspherical
mass distribution of the Earth. This causes the orientation of the
Metop platform to change periodically along its orbit, a phe-
nomenon known in astronomy as libration. Due to libration, the
beam samples may be shifted relatively to each other by as much
as 60 km. This can be solved, at least partially, by a libration
correction. The result is a very efficient aggregation algorithm.
Moreover, the aggregation table may be edited manually to op-
timize the cumulative spatial response function (CSRF) of each
beam separately and of all three beams together.

As in [1], the area within the —3 dB contour of the CSRF
of all three beams is adopted as a measure for the true spatial
resolution. Assuming the all-beams CSRF to have a circular
contour, the diameter of that circle is considered as the true
spatial resolution. We find that the spatial resolution is slightly
worse for the ASCAT-5.6 products than that of ASCAT-6.25,
but an ASCAT-5.6 product with manually edited aggregation
table (to improve radar sampling) compares slightly better with
buoys.

The paper is organized as follows. Section II contains a de-
scription of the data used in this study. The ASCAT-5.6 grid is
defined in Section III. The aggregation table is introduced here,
and the libration corrections are derived. Section IV contains
the analysis of spatial resolution, beam overlap, and buoy com-
parison. The results are discussed in Section V. The paper ends
with the conclusions in Section VI.

II. DATA

In this study, we use the same data as in [1], but for the sake
of completeness, their description is repeated here. The period
of data comparison is August 2013.

We consider all full-resolution L1B ASCAT-A data from Au-
gust 2013. The inversion scheme of the ASCAT Wind Data
Processor (AWDP) is used [4], which provides up to four am-
biguous solutions, called ambiguities, as well as their inversion
residuals. In this study, the residual is not normalized to a max-
imum likelihood estimator and KNMI quality control (QC) is
switched OFF. The 2DVAR ambiguity removal scheme is used
to select the most probable solution from the ambiguities.

During processing, the scatterometer winds are collocated
with forecasts from the ECMWF model as input for 2DVAR.
The model winds, further referred to as background, are quadrat-
ically interpolated in time and bilinearly in space to the scat-
terometer winds. The background winds are used as initial guess
for the ambiguity removal. It must be stressed here that the back-
ground fields are not in the highest resolution available, but on
a grid size of about 70 km, as used in operational monitoring.
This grid size is sufficient for the purposes of this study.

Buoy data were retrieved for August 2013 from the ECMWF
MARS archive using all buoys not blacklisted. The buoy data
are quality controlled and (where necessary) blacklisted by
ECMWEF [5]. The buoy winds are measured every hour by
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averaging the wind speed and direction over 10 min. The real
winds at a given anemometer height have been converted to
10 m equivalent neutral winds using the Liu, Katsaros, and
Businger model [5], [6] in order to enable a good compari-
son with the 10 m scatterometer winds. The buoys passing QC
are all moored buoys located in the Tropics (TOA, RAMA,
and PIRATA buoys) and along the coast lines of North Amer-
ica and Europe. The minimum separation from the coast is
about 15 km. The wind measurements are averaged over 10 min
and issued once per hour. The buoy data were collocated with
the scatterometer data with a maximum temporal separation of
30 min and a maximum spatial separation of the grid size di-
vided by v/2. In cases where more than one collocation was
found for the same buoy at the same time, the collocation clos-
est in position was selected.

One may argue that a temporal separation of 30 min may
be too large for comparison with high-resolution scatterometer
data. Moreover, buoy winds averaged over 10 min are represen-
tative for a scale of 4.2 km at 7 m/s, whereas the scatterometer
products discussed here are the (almost) instantaneous average
over an area of about 1000 km?. Lin ef al. [7] have shown that
notably in the Tropics in convective situations wind variability is
high, and that buoy measurements averaged over periods longer
than 10 min are more representative for scatterometer winds.
However, such an approach is considered outside the scope of
this work.

III. WVC GRID DEFINITION

The average distance between two full-resolution measure-
ments in the along-track direction is about 5.6 km, which re-
stricts the WVC grid size to multiples of 5.6 km. Here, we
concentrate on a WVC grid size of 5.6 km and refer to the
resulting wind product as ASCAT-5.6.

A. Handling of Missing Full-Resolution Data

The full-resolution radar cross-section data provided by EU-
METSAT are ordered with antenna pulse time. The antennas are
numbered one to six (left fore, left mid, left aft, right fore, right
mid, and right aft, respectively). Each antenna at a time emits
a pulse and receives its echo that is processed on-board. Also
some averaging is done on-board, so a single radar cross-section
value is the weighted average of eight antenna pulses [3].

The WVC grid is required to be free of gaps. The first prob-
lem encountered when defining a WVC grid synchronized with
the ASCAT mid-beam measurements is that sometimes full-
resolution data are missing. However, the number of missing
antenna pulses can be determined with sufficient accuracy from
the time between two pulses of the same antenna, which varies
between 0.848 and 0.851 s with an average of about 0.84934 s
for gap-free data.

B. Grid Definition and Aggregation Table

The definition of the WVC grid starts with the selection of
an aggregation radius. For ASCAT-5.6, a value of 7.5 km is
chosen to facilitate comparison with the ASCAT-6.25 product.
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Fig. 3. Mid-beam aggregation patterns and CSRF for the four possible
symmetrical ASCAT-5.6 grids at low incidence angle.

As noted above, radar sampling is poorest for the mid beam at
low incidence angles. In order to maximize the number of mid-
beam full-resolution measurements within the aggregation area,
the WVC center must be located symmetrically with respect
to them. For a mid-beam synchronized WVC grid, there are
four possibilities, as shown in Fig. 3, for an example at lowest
incidence angle near the equator: WVC center coinciding with
a measurement center (MO, upper left), WVC center in between
four measurements (M4, upper right), WVC center between two
neighboring measurements in the along-track direction (MA,
lower left), and WVC center between two measurements in
the cross-track direction (MX, lower right). The full-resolution
measurement centers are indicated as crosses in Fig. 3, the WVC
center as a small solid circle, and the 7.5 km aggregation area as
alarger dotted circle. In color are the values of the CSRF. It is the
sum of the SRFs of all contributing measurements, normalized
to a maximum value of 1 (0 dB). The SRF’s were computed
following the approach in [3].

Fig. 3 shows that the MA and MX grids are to be preferred
since they contain six measurements in the aggregation area
whereas MO has five and M4 only four. The CSRF for the MX
grid has the most circular shape, so this grid is selected.

Next, a row of WVC’s with 5.6 km grid size is defined in
the mid-beam (cross-track) direction at each side of the satellite
track, starting from a particular row of mid-beam full-resolution
data. If the distance between the WVC’s is kept fixed, the
measurement pattern will soon become less optimal, since the
measurements are unevenly spaced in the mid-beam direction.
Therefore, the MX choice is kept for each WVC, so all WVC
centers are located between two neighboring measurements in
the cross-track direction. The consequence is that the distance
between neighboring WVC'’s in the cross-track direction is no
longer constant.

Finally, the measurements contributing to each WVC in one
row are found. Their relative along- and cross-track indices are
stored in a look-up table named aggregation table. When deriv-
ing ocean surface winds from the radar cross sections, it suffices
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Fig. 4. Libration in along-track versus cross-track distances between fore

and mid-beam centers (left-hand panel) and between mid and aft beam centers
(right-hand panel). The gap in the Southern Hemisphere (SH) curves (dotted
curves) is caused by land overpass.

to read in the full-resolution data and the appropriate aggrega-
tion table. The full-resolution cross sections contributing to a
particular WVC area are then easily found from the aggrega-
tion table. This constitutes a much more efficient algorithm than
searching through the full-resolution data for each WVC as im-
plemented in AWDP for ASCAT-coastal and ASCAT-6.25. This
is important, since ASCAT-5.6 may have 200 WVC’s in a row
and over 7100 rows in an orbit.

C. Libration Correction

There is, however, a complication in applying aggregation
tables. In order to keep its antennas pointed to the Earth’s sur-
face, the Metop platform has to rotate once every orbit around
its axis perpendicular to the orbital plane. This rotation has con-
stant angular velocity, but the orbit is slightly elliptical due to the
nonuniform mass distribution of the Earth. As a result, the orien-
tation of the Metop platform as viewed from the Earth changes
slightly during its orbit, a movement known in astronomy as
libration. Fig. 4 shows the along-track and cross-track distances
between the left fore and left mid beam (left-hand panel) and
between the left mid and left aft beam (right-hand panel), for
the lowest incidence angle during one orbit on August 1, 2013.
The solid curves pertain to the Northern Hemisphere, the dot-
ted ones to the Southern Hemisphere. The gap in the dotted
curves is caused by land overpass. Above the equator—where
the aggregation tables were generated—the beams overlap, but
over the poles, notably the South Pole, the distance between the
beams increases to 60 km.

This can be corrected for by calculating WVC-dependent
offsets in the aggregation table for the fore and aft beams, such
that these beams overlap as much as possible with the mid beam.
Let the central position of each beam in a WVC be defined
as the average geographical latitude and longitude of the full-
resolution measurements contributing to the radar cross section
attrlbuted to that WVC. First consider the fore beam.

Let A be the distance between the measurements in the
along-track direction (A Z ~ 5.6 km) and AJ w that in the
range direction. The positive range direction is outward from
the satellite. It makes an angle of +45° with the along-track
direction, so the projection of Af w in the cross-track direc-
tion is ¢ )f( =12 Aé and that in the along-track direction is
551 = %\@A};. Fig. 3 shows a schematic representation for the

right fore beam. Let df; and d§( be the distance between the

central positions of fore- and mid beam in the along-track and
cross-track directions, respectively. The offsets mz and m{g
needed to shift the fore beam as close as possible to the mid
beam satisfy

dﬁ = m’;AQ + mééﬁ = mfAAfA+ %\/iméA{%, (1a)

d = mpok = V2l AL (1b)
From (1a) and (1b), it immediately follows that
dh — df df

mh =A== V2 X )

Al A

The aft beam makes an angle of £135° with the along-track
direction, so analogous to the above, the projections of A% on
the cross-track and along-track directions are ¢ = lf A%

and 64 = —1v/2A%,. Now the offsets ¢ and m¢ must satlsfy

dy = myAG+mpdy =miAY — LV2mb AL, (3a)
d% = m%o% = IV2mGAY,. (3b)
This is solved as
da + d(l d(l
mi‘:—AAle : m‘};:\/iA);. )

Of course the offsets are integers, so the expressions in the
right-hand sides of (2) and (4) are rounded off to the nearest
integer. The procedure must be iterated because the along-track
and cross-track measurement distances A4 and Ap are not
constant over the swath, notably Ay at low incidence. This
iteration converges in a few steps and does not add much to the
processing time.

D. Manual Editing of the Aggregation Table

The libration correction must be done for every WVC. There-
fore, the aggregation table does not need to be very precise, as
any mismatch between the beams will be compensated for as
good as possible. As a consequence, the aggregation table can
be edited manually for, say, the left fore and left mid beam, and
defined for the other beams symmetrically with respect to the
along-track and cross-track directions.

E. Grids Used

In this paper, two ASCAT-5.6 products will be studied. The
first product is obtained by using an aggregation table con-
structed for one row of WVC’s and for each beam separately
by aggregating the measurements in a circular aggregation area
with 7.5 km radius. This is equivalent to ASCAT-6.25 sampling,
except that the same aggregation table is used for all rows of
WVC’s, resulting in more uniform radar sampling. This product
will be further referred to as (ordinary) ASCAT-5.6.

The second product is obtained by manually adding mea-
surements to the aggregation table in such a way that the
—3 dB contours of the resulting CSRF’s for the left fore and
left mid-beam cover as good as possible the aggregation area
with radius 7.5 km. For the left fore beam there are two patterns,
one for WVC’s 1 to 65 and one for WVC’s 66 to 100. For the
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left mid beam there are also two patterns, one for WVC’s 1 to
43 and one for WVC'’s 44 to 100. Fig. 6 shows the aggregation
patterns used for the left fore and left mid beams. The contribut-
ing measurements are indicated by crosses, the WVC center by
the small solid circle, and the edge of the aggregation area with
7.5 km radius by the dotted circle. The CSRFs in Fig. 6 are for
WVCs 32 (upper left panel), 84 (upper right panel), 22 (lower
left panel), and 72 (lower right panel), halfway in the range of
validity of the aggregation pattern. The aggregation table for the
other beams is defined symmetrically with respect to the along-
track and cross-track directions. This product will be referred to
as improved ASCAT-5.6.

From Fig. 6, it is clear that it is not easy to define circu-
lar CSRFs, because of the elongated elliptical shape of the
SRFs (see also Fig. 2). Comparison of Fig. 6 with Fig. 3
shows that the improved product has twice as many contributing
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Fig. 7. Area covered by the —3 dB contour of the CSRF versus incidence
angle.

measurements in the mid beam at low incidence than the ordi-
nary ASCAT-5.6 product.

IV. RESULTS
A. Spatial Resolution and Overlap

Fig. 7 shows the area covered within the —3 dB contour of the
CSREF for the two products defined in the previous section and
for ASCAT-6.25 as a function of incidence angle. The results
in Fig. 5 are based on data from one orbit on August 16, 2013.
The improved ASCAT-5.6 product has the largest area, notably
in the mid beam at small incidence angle. This is as expected,
because the improved grid was defined to have as much SRFs
as possible contributing to a WVC. The ordinary ASCAT-5.6
product has larger area than the ASCAT-6.25 product in the
mid beam, but not in the fore and aft beams. This is because
ASCAT-5.6 uses the same optimal aggregation pattern for the
mid beam, so the number of contributing mid-beam SRFs is
constant for each WVC. For ASCAT-6.25, this number varies
along the swath, and also less mid-beam SRFs may contribute
to a WVC, leading to a —3 dB CSRF area that is smaller than
that of ASCAT-5.6. For the fore and aft beams, sampling is
less critical, so the differences between the three products are
smaller.

The mid-beam area decreases with increasing the incidence
angle, while the fore and aft beam areas increase. As a result,
the —3 dB CSREF area for all beams (lower right panel of Fig. 7)
varies little with incidence angle. Assuming the —3 dB contour
of the all-beams CSRF area to be circular, the diameter of this
circle is 19 km for the improved ASCAT-5.6 product, 18 km for
the ordinary ASCAT-5.6 product, and 17 km for the ASCAT-
6.25 product. These values are adopted as measures of the true
spatial resolution.
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Overlaps between the three beam pairs as a function of incidence

Despite the fact that the two ASCAT-5.6 products have larger
CSRFs per beam, their overall true spatial resolution is almost
the same as that of ASCAT-6.25. This is caused by the fact that
each of the three beams illuminates a slightly different area. As
a result, the all beam CSRF has a narrow peak, yielding good
spatial resolution, but also a long tail, enhancing geophysical
errors. This can be understood from the beam overlap. The
overlap O, 3 between beams « and /3 is defined as in [1]

(5)
with
I = //dkd<p cosp Ca (2, 9) C (A, ¢) (©6)

where C,, stands for the CSRF of beam « as a function of
geographical longitude A and latitude ¢, and the integration is
over the entire domain of the CSRFs.

Fig. 8 shows the overlap between the three beam pairs for
the two ASCAT-5.6 products and ASCAT-6.25 as a function of
incidence angle. Fig. 8 is based on data from the same orbit as
used for Fig. 7. The overlap between the fore and aft beam of
the ordinary and improved ASCAT-5.6 products is worse than
that of ASCAT-6.25. This is due to the fact that the libration
correction is discrete, so it is unable to shift the fore and aft beam
centers exactly on the mid-beam center. On the other hand, the
improved ASCAT-5.6 has slightly better overlap between fore
and mid beam and between mid and aft beam than ASCAT-6.25.
This is because the mid-beam CSREF is better defined.

B. Buoy Comparison

The ASCAT winds were collocated with buoys. Table I shows
the standard deviation of the difference between scatterom-

TABLE I

Buoy COMPARISON

Product o5 (m/s) oq (deg) o, (m/s) o, (m/s)
ASCAT-6.25 0.99 17.3 1.48 1.61
ASCAT-5.6 1.00 17.3 1.46 1.65
ASCAT-5.6 Improved 0.99 16.8 1.45 1.61
Accuracy 0.02 0.4 0.03 0.03

eter and buoys for wind speed, wind direction, zonal wind
component u, and meridional wind component v. Only colloca-
tions common to all three datasets were considered, resulting in
2475 collocations. Wind direction statistics were only consid-
ered in case all wind speeds exceeded 4 m/s, resulting in 1712
collocations. The accuracies in the bottom row are based on the
inverse square root of the number of collocations.

Table I shows that there is little difference between ASCAT-
6.25 and ASCAT-5.6, though the agreement for w is slightly
better and that for v is slightly worse. The improved ASCAT-
5.6 product compares best with buoys, in particular for the wind
direction. This indicates that manual editing of the aggregation
tables for the left-fore and left-mid beam and symmetric def-
inition of the other beams indeed leads to a better product. In
particular, the doubling of the number of contributing measure-
ments in the mid beam at low incidence angles leads to less noise
in the radar cross sections, and hence better wind retrievals.

Nevertheless, Table I shows that the differences are on the
edge of being significant, and more work on much larger datasets
remains to be done in order to reduce statistical uncertainty.

C. Some Examples

Fig. 9 shows improved ASCAT-5.6 (upper panel) and ASCAT-
6.25 (lower panel) wind fields of a frontal zone south of Aus-
tralia recorded by ASCAT-A on July 31, 2013 (orbit starting
at 22:42 UTC). Blue arrows denote valid winds and purple ar-
rows winds flagged by the variational QC. The latter control
flag is set when the mismatch between scatterometer observa-
tion and background wind field exceeds a certain limit. This is
often caused by mispositioning of mesoscale wind structures
in the background. Fig. 9 shows some ambiguity removal er-
rors in the frontal zone as encircled arrows. The ASCAT-6.25
scene contains 11 clear ambiguity removal errors; the improved
ASCAT-5.6scene 9, despite its higher density of retrieved winds.
Though there may be discussion on the exact number of ambi-
guity removal errors—only the most obvious ones were marked
in Fig. 7—the improved ASCAT-5.6 product contains less errors
than the ASCAT-6.25 product. In particular, the two ambiguity
removal errors in the ASCAT-6.25 product near the 138° merid-
ian have disappeared in the improved ASCAT-5.6 product. Note
also that all ambiguity removal errors in the scene are flagged in
the improved ASCAT-5.6 product, but not in the ASCAT-6.25
product.

Another example is given by Fig. 10, which shows a convec-
tive area in the Tropical western Pacific recorded by ASCAT-A
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Fig. 9. Improved ASCAT-5.6 (upper panel) and ASCAT-6.25 (lower panel)
wind fields over a frontal zone south of Australia recorded July 31, 2013. Wind
vectors with obvious ambiguity removal errors have been encircled.

on August 2, 2013 shortly after 0:00. The flow is from South to
North, but ambiguity removal errors cause some wind vectors
to point to the West. These are easy to recognize, so they have
not been marked. The top panel, showing improved ASCAT-
5.6 data, contains 8 ambiguity removal errors, while the bottom
panel, showing ASCAT-6.25, contains 13. As in Fig. 9, the vari-
ational QC flag is set in a number of WVCs (purple arrows),
caused by poor representation of the convective mesoscale struc-
ture in the ECMWF background wind field.

Note that the improved ASCAT-5.6 scene in Fig. 10 covers
a larger area than the ASCAT-6.25 scene, because it has extra
WVCs at the Eastern side of the swath, where the incidence
angle is highest. This is because ASCAT-5.6 processing accepts
measurements at higher incidence angles than ASCAT-6.25 pro-
cessing. The quality of these additional retrievals is poor, so an
operational product should better not contain them, either by
limiting the incidence angle range or by improving QC.

V. DISCUSSION

The results in Section IV show that it is indeed possible to
define an ASCAT wind product on a 5.6 km grid synchronized
with the ASCAT mid-beam pattern with better quality than the
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Fig. 10. Improved ASCAT-5.6 (upper panel) and ASCAT-6.25 (lower panel)

wind fields over a convective area in the Tropical western Pacific recorded
August 2, 2013.

ASCAT-6.25 product, though at the cost of a slightly reduced
true spatial resolution (19 km against 17 km) and irregular grid
size.

However, the possibilities for defining the WV C grid and the
aggregation pattern are far from exhausted. The MX grid in
Fig. 3 leads to a more circular CSRF than the MA grid, but the
MA grid has a more compact CSRF. Manual editing of the MA
aggregation table may lead to better results.

In the products, presented in this study, it was attempted to
retain a rectangular WVC grid with the same size in along-track
and cross-track directions as much as possible. The requirement
that the mid-beam center should fall exactly between two mea-
surements in the cross-track directions leads to nonuniform grid
sizes in the cross-track direction, see Figs. 9 and 10. Another
possibility is to synchronize the grid in the cross-track direc-
tion also with the mid-beam measurement pattern. One may
select a suitable aggregation pattern for the left fore and left mid
beams, define those for the other beams symmetrically with re-
spect to the along-track and cross-track directions, and apply the
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aggregation pattern every nth measurement in the range direc-
tion. This will lead to a product with constant radar sampling
characteristics, but different grid sizes in along-track and cross-
track directions. Moreover, the grid size in the cross-track direc-
tion will vary with the incidence angle: it will be larger at small
incidence and smaller at large incidence. The same holds for the
true spatial resolution. Such a product will be more comfortable
to the eye than the improved ASCAT-5.6 products shown in
Figs. 9 and 10. More investigations are needed to assess the
quality of such products, and extensive interactions with poten-
tial end users are required to arrive at products that suit their
needs.

The elliptical shape of the individual SRFs (see Fig. 2) poses
a lower limit on the true spatial resolution that can be obtained,
in particular at low incidence angles. The possibility to define
a wind product with optimized true spatial resolution at inter-
mediate and high incidence, at the cost of noisier winds, also
remains to be investigated.

In this study, the high-resolution wind products were com-
pared with buoy winds averaged over 10 min. As has been shown
in [7], it is better to compare with buoy winds averaged over
a longer time period that is centered around the scatterometer
measurement time. At 7 m/s wind speed, buoy measurements
over 10 min are representative for a scale of about 4 km, which
is much smaller than the area covered by a scatterometer WVC.
This is also a subject for further research.

A final remark pertains the successors of the present series of
ASCAT instruments that will be mounted on the second gener-
ation of polar-orbiting Metop satellites (Metop-SG) from 2022
onwards. These will have no on-board averaging, resulting in
a denser measurement pattern and SRFs with a more circu-
lar shape, offering even more possibilities to define ultrahigh-
resolution wind products.

VI. CONCLUSION

In this study, two new high-resolution ASCAT wind products
on a 5.6 km grid were compared to the ASCAT-6.25 product.
The ASCAT-5.6 grid is synchronized to the ASCAT mid-beam
measurements, and the cross-track grid position is determined
by the requirement that it should fall exactly between two con-
secutive measurements. This leads to nonuniform grid sizes in
the cross-track direction. A very efficient processing scheme is
arrived at by using aggregation tables in combination with a
libration correction.

The ordinary ASCAT-5.6 product is similar to the ASCAT-
6.25 product, but with constant radar sampling. The improved
ASCAT-5.6 product employs an aggregation table that has been
edited manually to maximize the number of contributing mea-
surements.

The true spatial resolution is defined as the diagonal of the
—3 dB contour of the all-beams CSRF. For the ASCAT-6.25,
ASCAT-5.6, and improved ASCAT-5.6 products itis 17, 18, and
19 km, respectively. The ASCAT-5.6 products have poorer over-
lap between the beams than the ASCAT-6.25 product, because
the libration correction is discrete. The improved ASCAT-5.6
product compares better with buoys than the other two products,

because the increased number of measurements contributing to
a WVC leads to better quality winds. This is confirmed by a
few examples showing less ambiguity removal errors in the im-
proved ASCAT -5.6 product than in the ASCAT-6.25 product.
It is concluded that the improved ASCAT-5.6 product has better
quality than the ASCAT-6.25 product, at the cost of a slightly
inferior true spatial resolution.

No QC of the inversion was considered here, but generally a
more consistent retrieval also provides a more consistent QC.
This needs verification in future work.

The ASCAT-5.6 wind products presented in this study are
the first to exploit the possibilities offered by the full-resolution
product. A number of options remains to be investigated, and
extensive interaction with end users will be required to arrive at
wind products that suit their needs.
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ASCAT Ultrahigh-Resolution Wind Products
on Optimized Grids

Jur Vogelzang and Ad Stoffelen

Abstract—The accuracy and spatial resolution of ultrahigh-
resolution wind products derived from full-resolution ASCAT
radar cross-section measurements are determined by the size and
shape of the aggregation area. Current high-resolution products
(ASCAT-coastal and ASCAT-6.25) are defined on a regular swath
grid (size 12.5 and 6.25 km, respectively) and use a circular aggre-
gation area (15 and 7.5 km radius resp.). For ASCAT-6.25, such
approach leads to poor radar sampling, causing noise in the re-
trieved winds, and poor beam overlap, causing geophysical errors.
More regular radar sampling and improved beam overlap can be
obtained by using a grid that is synchronized with respect to the
ASCAT mid-beam full-resolution measurements. This results in a
new generation of ASCAT wind products. It is shown that a product
on a 5.6 km grid size (on average) with optimized radar sampling
compares better to buoys than ASCAT-6.25, but at the cost of an
irregular grid and slightly degraded spatial resolution.

Index Terms—Radar, wind.

1. INTRODUCTION

TUDIES of dynamic mesoscale features over the ocean

like convective cells, coastal jets, and von Karman vortices
in the wake of isles, require high-resolution wind data. Space-
borne scatterometers can provide such information. Recently,
the ASCAT-6.25 product which contains ocean surface vector
winds on a 6.25 km grid was presented [1]. It uses as input the
full-resolution L1B radar cross-section product issued by the
European Organisation for the Exploitation of Meteorological
Satellites (EUMETSAT). This product contains the individual
radar cross section values as produced by the on-board processor
of the MetOp satellite carrying ASCAT. The spatial extent of the
individual cross sections is limited by beam width in azimuth
and by on-board processing in range. It is described by the
spatial response function (SRF).

The radar cross section per beam attributed to a wind vector
cell (WVC) is the average of all full-resolution radar cross sec-
tions with their centers falling within a circular aggregation area
with radius Ry, .x. The same procedure is applied in processing
of the well-known ASCAT-coastal product [2], which has an
aggregation radius R;,.x of 15 km and a true spatial resolu-
tion of about 28 km. ASCAT-6.25 has an aggregation radius of
7.5 km and a true spatial resolution of about 17 km. Its wind
quality is slightly worse though than that of ASCAT-coastal:
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Satellite Application Facility for Numerical Weather Prediction (NWP SAF).
(Corresponding author: Jur Vogelzang.)

The authors are with the Royal Netherlands Meteorological Institute
(KNMI), De Bilt, The Netherlands, 3731 GA (e-mail: Jur.Vogelzang @knmi.nl;
Ad.Stoffelen @knmi.nl).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/JSTARS.2016.2623861

Fig. 1. Schematic illustration of scatterometer sampling for ASCAT-6.25 and
ASCAT-coastal. A target WVC (thick solid line, with aggregation radius R, ,x)
is sampled from two different perspectives (for simplification), with measure-
ment footprints indicated by solid and dashed ellipses, respectively.

it contains about 0.2m?/ s> more noise variance in the wind
components when compared with buoys and forecasts from the
european centre for medium-range weather forecasts (ECMWF)
in a triple collocation analysis [1]. Fig. 1 gives a schematic rep-
resentation of the aggregation procedure, taken from [2].

The reason why ASCAT-6.25 is noisier than ASCAT-coastal
is its smaller aggregation area. Less full-resolution radar cross
sections contribute to the average radar cross section per beam,
resulting in noisier backscatter and winds. This is in particular
the case for the mid beam at low incidence angles. Further-
more, the individual full-resolution measurements are not evenly
spread over the aggregation area. Therefore, the three beams
may cover different parts of the ocean surface, leading to geo-
physical inconsistencies in the wind retrieval and lower quality
winds. This will be important for dynamic mesoscale features—
just the type of phenomena that requires high-resolution wind
fields for analysis.

Fig. 2 shows the SRFs for single ASCAT full-resolution mea-
surements for fore, mid, and aft beams (top, middle, and bottom
panels, respectively), and for low, medium, and high incidence
angles (left, middle, and right panels, respectively). As Fig. 2
pertains to measurements from the right beams in an ascending
orbit close to the equator, the corresponding WVC numbers for
ASCAT-coastal are 42, 62, and 82. The ASCAT-coastal WVC

1939-1404 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 2. Spatial response functions of a single ASCAT full-resolution radar
cross-section measurement for the fore beam (top panels), mid beam (middle
panels), and aft beam (bottom panels) for WVC’s 42, 62, and 82 of the ASCAT-
coastal product. The square box gives the WVC (size 12.5 km) and the dotted
circle the boundary of the aggregation area (radius 15 km).

measuring 12.5 km by 12.5 km is indicated by the solid square,
the aggregation area with 15 km radius is indicated by the doted
circle. The magnitude of the SRF in dB is given by the colors.

The SRFs have an elliptical shape, and are to be compared
to those in Fig. 1. The shape of the SRF’s is determined by the
antenna footprint, the range-gating, and the Doppler shift. The
ellipses are quite elongated, notably for the mid beam. This is
caused by on-board averaging of the antenna pulses: each full-
resolution radar cross section is based on the running average of
eight individual antenna pulses. The chirps for the fore and aft
beams go in different directions (low to high frequency versus
high to low), and Doppler shifts change the orientation of the
ellipses in such a way that the fore and aft beam SRFs have
almost the same orientation [3]. Fig. 2 also shows that the SRFs
rapidly drop off to zero.

This study is a first attempt to improve on ASCAT-6.25 by ex-
ploiting the possibilities of the full-resolution L1B radar cross-
section product. As noted in [1] improved radar sampling can
be achieved by defining the WVC grid relative to the mid-beam
measurement pattern. The average distance between two full-
resolution measurements in the along-track direction is about
5.6 km, which restricts the WVC grid size to multiples of
5.6 km. Here, we concentrate on a WVC grid size of 5.6 km,
referring to the wind products on this grid as ASCAT-5.6, and
compare results with ASCAT-6.25.

Since the WVC grid is synchronized with the regular mid-
beam measurements, it is not necessary to check for each indi-
vidual WVC which measurement falls within the aggregation

area, as is the procedure for the ASCAT-coastal and ASCAT-
6.25 products. Instead, this search needs to be done only once
for a single row of WVC’s, and the results can be stored in a
look-up table further referred to as aggregation table. However,
the Metop orbit is slightly elliptical due to the nonspherical
mass distribution of the Earth. This causes the orientation of the
Metop platform to change periodically along its orbit, a phe-
nomenon known in astronomy as libration. Due to libration, the
beam samples may be shifted relatively to each other by as much
as 60 km. This can be solved, at least partially, by a libration
correction. The result is a very efficient aggregation algorithm.
Moreover, the aggregation table may be edited manually to op-
timize the cumulative spatial response function (CSRF) of each
beam separately and of all three beams together.

As in [1], the area within the —3 dB contour of the CSRF
of all three beams is adopted as a measure for the true spatial
resolution. Assuming the all-beams CSRF to have a circular
contour, the diameter of that circle is considered as the true
spatial resolution. We find that the spatial resolution is slightly
worse for the ASCAT-5.6 products than that of ASCAT-6.25,
but an ASCAT-5.6 product with manually edited aggregation
table (to improve radar sampling) compares slightly better with
buoys.

The paper is organized as follows. Section II contains a de-
scription of the data used in this study. The ASCAT-5.6 grid is
defined in Section III. The aggregation table is introduced here,
and the libration corrections are derived. Section IV contains
the analysis of spatial resolution, beam overlap, and buoy com-
parison. The results are discussed in Section V. The paper ends
with the conclusions in Section VI.

II. DATA

In this study, we use the same data as in [1], but for the sake
of completeness, their description is repeated here. The period
of data comparison is August 2013.

We consider all full-resolution L1B ASCAT-A data from Au-
gust 2013. The inversion scheme of the ASCAT Wind Data
Processor (AWDP) is used [4], which provides up to four am-
biguous solutions, called ambiguities, as well as their inversion
residuals. In this study, the residual is not normalized to a max-
imum likelihood estimator and KNMI quality control (QC) is
switched OFF. The 2DVAR ambiguity removal scheme is used
to select the most probable solution from the ambiguities.

During processing, the scatterometer winds are collocated
with forecasts from the ECMWF model as input for 2DVAR.
The model winds, further referred to as background, are quadrat-
ically interpolated in time and bilinearly in space to the scat-
terometer winds. The background winds are used as initial guess
for the ambiguity removal. It must be stressed here that the back-
ground fields are not in the highest resolution available, but on
a grid size of about 70 km, as used in operational monitoring.
This grid size is sufficient for the purposes of this study.

Buoy data were retrieved for August 2013 from the ECMWF
MARS archive using all buoys not blacklisted. The buoy data
are quality controlled and (where necessary) blacklisted by
ECMWEF [5]. The buoy winds are measured every hour by
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averaging the wind speed and direction over 10 min. The real
winds at a given anemometer height have been converted to
10 m equivalent neutral winds using the Liu, Katsaros, and
Businger model [5], [6] in order to enable a good compari-
son with the 10 m scatterometer winds. The buoys passing QC
are all moored buoys located in the Tropics (TOA, RAMA,
and PIRATA buoys) and along the coast lines of North Amer-
ica and Europe. The minimum separation from the coast is
about 15 km. The wind measurements are averaged over 10 min
and issued once per hour. The buoy data were collocated with
the scatterometer data with a maximum temporal separation of
30 min and a maximum spatial separation of the grid size di-
vided by v/2. In cases where more than one collocation was
found for the same buoy at the same time, the collocation clos-
est in position was selected.

One may argue that a temporal separation of 30 min may
be too large for comparison with high-resolution scatterometer
data. Moreover, buoy winds averaged over 10 min are represen-
tative for a scale of 4.2 km at 7 m/s, whereas the scatterometer
products discussed here are the (almost) instantaneous average
over an area of about 1000 km?. Lin ef al. [7] have shown that
notably in the Tropics in convective situations wind variability is
high, and that buoy measurements averaged over periods longer
than 10 min are more representative for scatterometer winds.
However, such an approach is considered outside the scope of
this work.

III. WVC GRID DEFINITION

The average distance between two full-resolution measure-
ments in the along-track direction is about 5.6 km, which re-
stricts the WVC grid size to multiples of 5.6 km. Here, we
concentrate on a WVC grid size of 5.6 km and refer to the
resulting wind product as ASCAT-5.6.

A. Handling of Missing Full-Resolution Data

The full-resolution radar cross-section data provided by EU-
METSAT are ordered with antenna pulse time. The antennas are
numbered one to six (left fore, left mid, left aft, right fore, right
mid, and right aft, respectively). Each antenna at a time emits
a pulse and receives its echo that is processed on-board. Also
some averaging is done on-board, so a single radar cross-section
value is the weighted average of eight antenna pulses [3].

The WVC grid is required to be free of gaps. The first prob-
lem encountered when defining a WVC grid synchronized with
the ASCAT mid-beam measurements is that sometimes full-
resolution data are missing. However, the number of missing
antenna pulses can be determined with sufficient accuracy from
the time between two pulses of the same antenna, which varies
between 0.848 and 0.851 s with an average of about 0.84934 s
for gap-free data.

B. Grid Definition and Aggregation Table

The definition of the WVC grid starts with the selection of
an aggregation radius. For ASCAT-5.6, a value of 7.5 km is
chosen to facilitate comparison with the ASCAT-6.25 product.
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Fig. 3. Mid-beam aggregation patterns and CSRF for the four possible
symmetrical ASCAT-5.6 grids at low incidence angle.

As noted above, radar sampling is poorest for the mid beam at
low incidence angles. In order to maximize the number of mid-
beam full-resolution measurements within the aggregation area,
the WVC center must be located symmetrically with respect
to them. For a mid-beam synchronized WVC grid, there are
four possibilities, as shown in Fig. 3, for an example at lowest
incidence angle near the equator: WVC center coinciding with
a measurement center (MO, upper left), WVC center in between
four measurements (M4, upper right), WVC center between two
neighboring measurements in the along-track direction (MA,
lower left), and WVC center between two measurements in
the cross-track direction (MX, lower right). The full-resolution
measurement centers are indicated as crosses in Fig. 3, the WVC
center as a small solid circle, and the 7.5 km aggregation area as
alarger dotted circle. In color are the values of the CSRF. It is the
sum of the SRFs of all contributing measurements, normalized
to a maximum value of 1 (0 dB). The SRF’s were computed
following the approach in [3].

Fig. 3 shows that the MA and MX grids are to be preferred
since they contain six measurements in the aggregation area
whereas MO has five and M4 only four. The CSRF for the MX
grid has the most circular shape, so this grid is selected.

Next, a row of WVC’s with 5.6 km grid size is defined in
the mid-beam (cross-track) direction at each side of the satellite
track, starting from a particular row of mid-beam full-resolution
data. If the distance between the WVC’s is kept fixed, the
measurement pattern will soon become less optimal, since the
measurements are unevenly spaced in the mid-beam direction.
Therefore, the MX choice is kept for each WVC, so all WVC
centers are located between two neighboring measurements in
the cross-track direction. The consequence is that the distance
between neighboring WVC'’s in the cross-track direction is no
longer constant.

Finally, the measurements contributing to each WVC in one
row are found. Their relative along- and cross-track indices are
stored in a look-up table named aggregation table. When deriv-
ing ocean surface winds from the radar cross sections, it suffices
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Fig. 4. Libration in along-track versus cross-track distances between fore

and mid-beam centers (left-hand panel) and between mid and aft beam centers
(right-hand panel). The gap in the Southern Hemisphere (SH) curves (dotted
curves) is caused by land overpass.

to read in the full-resolution data and the appropriate aggrega-
tion table. The full-resolution cross sections contributing to a
particular WVC area are then easily found from the aggrega-
tion table. This constitutes a much more efficient algorithm than
searching through the full-resolution data for each WVC as im-
plemented in AWDP for ASCAT-coastal and ASCAT-6.25. This
is important, since ASCAT-5.6 may have 200 WVC’s in a row
and over 7100 rows in an orbit.

C. Libration Correction

There is, however, a complication in applying aggregation
tables. In order to keep its antennas pointed to the Earth’s sur-
face, the Metop platform has to rotate once every orbit around
its axis perpendicular to the orbital plane. This rotation has con-
stant angular velocity, but the orbit is slightly elliptical due to the
nonuniform mass distribution of the Earth. As a result, the orien-
tation of the Metop platform as viewed from the Earth changes
slightly during its orbit, a movement known in astronomy as
libration. Fig. 4 shows the along-track and cross-track distances
between the left fore and left mid beam (left-hand panel) and
between the left mid and left aft beam (right-hand panel), for
the lowest incidence angle during one orbit on August 1, 2013.
The solid curves pertain to the Northern Hemisphere, the dot-
ted ones to the Southern Hemisphere. The gap in the dotted
curves is caused by land overpass. Above the equator—where
the aggregation tables were generated—the beams overlap, but
over the poles, notably the South Pole, the distance between the
beams increases to 60 km.

This can be corrected for by calculating WVC-dependent
offsets in the aggregation table for the fore and aft beams, such
that these beams overlap as much as possible with the mid beam.
Let the central position of each beam in a WVC be defined
as the average geographical latitude and longitude of the full-
resolution measurements contributing to the radar cross section
attributed to that WVC. First consider the fore beam.

Let AQ be the distance between the measurements in the
along-track direction (AQ ~ 5.6 km) and Aj; that in the
range direction. The positive range direction is outward from
the satellite. It makes an angle of +45° with the along-track
direction, so the projection of A{% in the cross-track direc-

tion is 6§( = %\/iAJ; and that in the along-track direction is
51’:1 = %\@A{%. Fig. 3 shows a schematic representation for the
right fore beam. Let dfl and df;( be the distance between the

central positions of fore- and mid beam in the along-track and
cross-track directions, respectively. The offsets mf; and mj;
needed to shift the fore beam as close as possible to the mid
beam satisfy

&y = mh AL+ mlsh =m! A+ Wemb AL, (e

df = mpok = 1V2ml AL (1b)
From (1a) and (1b), it immediately follows that
d,f _ df df

mf/; — AifX : m{z — \/57)]{ )
AV Ag

The aft beam makes an angle of £135° with the along-track
direction, so analogous to the above, the projections of A%, on

the cross-track and along-track directions are §% = %\/iA‘}z

and 8% = —1v/2A%. Now the offsets ¢ and m¢%, must satisfy

dy = myAG +mypoy =myAG — %\@m‘}%A“R, (3a)

d = m%o% = IV2mGAY,. (3b)
This is solved as

my =GEL g = @)

AY ’ A,

Of course the offsets are integers, so the expressions in the
right-hand sides of (2) and (4) are rounded off to the nearest
integer. The procedure must be iterated because the along-track
and cross-track measurement distances A4 and Apg are not
constant over the swath, notably Ap at low incidence. This
iteration converges in a few steps and does not add much to the
processing time.

D. Manual Editing of the Aggregation Table

The libration correction must be done for every WVC. There-
fore, the aggregation table does not need to be very precise, as
any mismatch between the beams will be compensated for as
good as possible. As a consequence, the aggregation table can
be edited manually for, say, the left fore and left mid beam, and
defined for the other beams symmetrically with respect to the
along-track and cross-track directions.

E. Grids Used

In this paper, two ASCAT-5.6 products will be studied. The
first product is obtained by using an aggregation table con-
structed for one row of WVC’s and for each beam separately
by aggregating the measurements in a circular aggregation area
with 7.5 km radius. This is equivalent to ASCAT-6.25 sampling,
except that the same aggregation table is used for all rows of
WVC’s, resulting in more uniform radar sampling. This product
will be further referred to as (ordinary) ASCAT-5.6.

The second product is obtained by manually adding mea-
surements to the aggregation table in such a way that the
—3 dB contours of the resulting CSRF’s for the left fore and
left mid-beam cover as good as possible the aggregation area
with radius 7.5 km. For the left fore beam there are two patterns,
one for WVC’s 1 to 65 and one for WVC’s 66 to 100. For the
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left mid beam there are also two patterns, one for WVC’s 1 to
43 and one for WVC'’s 44 to 100. Fig. 6 shows the aggregation
patterns used for the left fore and left mid beams. The contribut-
ing measurements are indicated by crosses, the WVC center by
the small solid circle, and the edge of the aggregation area with
7.5 km radius by the dotted circle. The CSRFs in Fig. 6 are for
WVCs 32 (upper left panel), 84 (upper right panel), 22 (lower
left panel), and 72 (lower right panel), halfway in the range of
validity of the aggregation pattern. The aggregation table for the
other beams is defined symmetrically with respect to the along-
track and cross-track directions. This product will be referred to
as improved ASCAT-5.6.

From Fig. 6, it is clear that it is not easy to define circu-
lar CSRFs, because of the elongated elliptical shape of the
SRFs (see also Fig. 2). Comparison of Fig. 6 with Fig. 3
shows that the improved product has twice as many contributing
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Fig. 7. Area covered by the —3 dB contour of the CSRF versus incidence
angle.

measurements in the mid beam at low incidence than the ordi-
nary ASCAT-5.6 product.

IV. RESULTS
A. Spatial Resolution and Overlap

Fig. 7 shows the area covered within the —3 dB contour of the
CSREF for the two products defined in the previous section and
for ASCAT-6.25 as a function of incidence angle. The results
in Fig. 5 are based on data from one orbit on August 16, 2013.
The improved ASCAT-5.6 product has the largest area, notably
in the mid beam at small incidence angle. This is as expected,
because the improved grid was defined to have as much SRFs
as possible contributing to a WVC. The ordinary ASCAT-5.6
product has larger area than the ASCAT-6.25 product in the
mid beam, but not in the fore and aft beams. This is because
ASCAT-5.6 uses the same optimal aggregation pattern for the
mid beam, so the number of contributing mid-beam SRFs is
constant for each WVC. For ASCAT-6.25, this number varies
along the swath, and also less mid-beam SRFs may contribute
to a WVC, leading to a —3 dB CSREF area that is smaller than
that of ASCAT-5.6. For the fore and aft beams, sampling is
less critical, so the differences between the three products are
smaller.

The mid-beam area decreases with increasing the incidence
angle, while the fore and aft beam areas increase. As a result,
the —3 dB CSRF area for all beams (lower right panel of Fig. 7)
varies little with incidence angle. Assuming the —3 dB contour
of the all-beams CSRF area to be circular, the diameter of this
circle is 19 km for the improved ASCAT-5.6 product, 18 km for
the ordinary ASCAT-5.6 product, and 17 km for the ASCAT-
6.25 product. These values are adopted as measures of the true
spatial resolution.
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Overlaps between the three beam pairs as a function of incidence

Despite the fact that the two ASCAT-5.6 products have larger
CSRFs per beam, their overall true spatial resolution is almost
the same as that of ASCAT-6.25. This is caused by the fact that
each of the three beams illuminates a slightly different area. As
a result, the all beam CSRF has a narrow peak, yielding good
spatial resolution, but also a long tail, enhancing geophysical
errors. This can be understood from the beam overlap. The
overlap O, between beams « and 3 is defined as in [1]

2
o Iagﬁ
aff —
I(m L’ﬂ?

O 5)

with
I, = //dkd(p cos p Cy, (X, 0) Cs (R, ) (6)

where C,, stands for the CSRF of beam « as a function of
geographical longitude A and latitude ¢, and the integration is
over the entire domain of the CSRFs.

Fig. 8 shows the overlap between the three beam pairs for
the two ASCAT-5.6 products and ASCAT-6.25 as a function of
incidence angle. Fig. 8 is based on data from the same orbit as
used for Fig. 7. The overlap between the fore and aft beam of
the ordinary and improved ASCAT-5.6 products is worse than
that of ASCAT-6.25. This is due to the fact that the libration
correction is discrete, so it is unable to shift the fore and aft beam
centers exactly on the mid-beam center. On the other hand, the
improved ASCAT-5.6 has slightly better overlap between fore
and mid beam and between mid and aft beam than ASCAT-6.25.
This is because the mid-beam CSRF is better defined.

B. Buoy Comparison

The ASCAT winds were collocated with buoys. Table I shows
the standard deviation of the difference between scatterom-

TABLE I
Buoy COMPARISON
Product o, (m/s) oq (deg) o, (m/s) o, (m/s)
ASCAT-6.25 0.99 17.3 1.48 1.61
ASCAT-5.6 1.00 17.3 1.46 1.65
ASCAT-5.6 Improved 0.99 16.8 1.45 1.61
Accuracy 0.02 0.4 0.03 0.03

eter and buoys for wind speed, wind direction, zonal wind
component u, and meridional wind component v. Only colloca-
tions common to all three datasets were considered, resulting in
2475 collocations. Wind direction statistics were only consid-
ered in case all wind speeds exceeded 4 m/s, resulting in 1712
collocations. The accuracies in the bottom row are based on the
inverse square root of the number of collocations.

Table I shows that there is little difference between ASCAT-
6.25 and ASCAT-5.6, though the agreement for u is slightly
better and that for v is slightly worse. The improved ASCAT-
5.6 product compares best with buoys, in particular for the wind
direction. This indicates that manual editing of the aggregation
tables for the left-fore and left-mid beam and symmetric def-
inition of the other beams indeed leads to a better product. In
particular, the doubling of the number of contributing measure-
ments in the mid beam at low incidence angles leads to less noise
in the radar cross sections, and hence better wind retrievals.

Nevertheless, Table I shows that the differences are on the
edge of being significant, and more work on much larger datasets
remains to be done in order to reduce statistical uncertainty.

C. Some Examples

Fig. 9 shows improved ASCAT-5.6 (upper panel) and ASCAT-
6.25 (lower panel) wind fields of a frontal zone south of Aus-
tralia recorded by ASCAT-A on July 31, 2013 (orbit starting
at 22:42 UTC). Blue arrows denote valid winds and purple ar-
rows winds flagged by the variational QC. The latter control
flag is set when the mismatch between scatterometer observa-
tion and background wind field exceeds a certain limit. This is
often caused by mispositioning of mesoscale wind structures
in the background. Fig. 9 shows some ambiguity removal er-
rors in the frontal zone as encircled arrows. The ASCAT-6.25
scene contains 11 clear ambiguity removal errors; the improved
ASCAT-5.6 scene 9, despite its higher density of retrieved winds.
Though there may be discussion on the exact number of ambi-
guity removal errors—only the most obvious ones were marked
in Fig. 7—the improved ASCAT-5.6 product contains less errors
than the ASCAT-6.25 product. In particular, the two ambiguity
removal errors in the ASCAT-6.25 product near the 138° merid-
ian have disappeared in the improved ASCAT-5.6 product. Note
also that all ambiguity removal errors in the scene are flagged in
the improved ASCAT-5.6 product, but not in the ASCAT-6.25
product.

Another example is given by Fig. 10, which shows a convec-
tive area in the Tropical western Pacific recorded by ASCAT-A



VOGELZANG AND STOFFELEN: ASCAT ULTRAHIGH-RESOLUTION WIND PRODUCTS ON OPTIMIZED GRIDS 7

) t 10ee
s

~425% |-

(i

“43° \\“ LN R

“
“
7y
7
£
£
—

»
-
~
7
I

-

4235

s
/ -—
A
“

Fig. 9. Improved ASCAT-5.6 (upper panel) and ASCAT-6.25 (lower panel)
wind fields over a frontal zone south of Australia recorded July 31, 2013. Wind
vectors with obvious ambiguity removal errors have been encircled.

on August 2, 2013 shortly after 0:00. The flow is from South to
North, but ambiguity removal errors cause some wind vectors
to point to the West. These are easy to recognize, so they have
not been marked. The top panel, showing improved ASCAT-
5.6 data, contains 8 ambiguity removal errors, while the bottom
panel, showing ASCAT-6.25, contains 13. As in Fig. 9, the vari-
ational QC flag is set in a number of WVCs (purple arrows),
caused by poor representation of the convective mesoscale struc-
ture in the ECMWF background wind field.

Note that the improved ASCAT-5.6 scene in Fig. 10 covers
a larger area than the ASCAT-6.25 scene, because it has extra
WVCs at the Eastern side of the swath, where the incidence
angle is highest. This is because ASCAT-5.6 processing accepts
measurements at higher incidence angles than ASCAT-6.25 pro-
cessing. The quality of these additional retrievals is poor, so an
operational product should better not contain them, either by
limiting the incidence angle range or by improving QC.

V. DISCUSSION

The results in Section IV show that it is indeed possible to
define an ASCAT wind product on a 5.6 km grid synchronized
with the ASCAT mid-beam pattern with better quality than the
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Fig. 10.  Improved ASCAT-5.6 (upper panel) and ASCAT-6.25 (lower panel)

wind fields over a convective area in the Tropical western Pacific recorded
August 2, 2013.

ASCAT-6.25 product, though at the cost of a slightly reduced
true spatial resolution (19 km against 17 km) and irregular grid
size.

However, the possibilities for defining the WVC grid and the
aggregation pattern are far from exhausted. The MX grid in
Fig. 3 leads to a more circular CSRF than the MA grid, but the
MA grid has a more compact CSRF. Manual editing of the MA
aggregation table may lead to better results.

In the products, presented in this study, it was attempted to
retain a rectangular WVC grid with the same size in along-track
and cross-track directions as much as possible. The requirement
that the mid-beam center should fall exactly between two mea-
surements in the cross-track directions leads to nonuniform grid
sizes in the cross-track direction, see Figs. 9 and 10. Another
possibility is to synchronize the grid in the cross-track direc-
tion also with the mid-beam measurement pattern. One may
select a suitable aggregation pattern for the left fore and left mid
beams, define those for the other beams symmetrically with re-
spect to the along-track and cross-track directions, and apply the
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aggregation pattern every nth measurement in the range direc-
tion. This will lead to a product with constant radar sampling
characteristics, but different grid sizes in along-track and cross-
track directions. Moreover, the grid size in the cross-track direc-
tion will vary with the incidence angle: it will be larger at small
incidence and smaller at large incidence. The same holds for the
true spatial resolution. Such a product will be more comfortable
to the eye than the improved ASCAT-5.6 products shown in
Figs. 9 and 10. More investigations are needed to assess the
quality of such products, and extensive interactions with poten-
tial end users are required to arrive at products that suit their
needs.

The elliptical shape of the individual SRFs (see Fig. 2) poses
a lower limit on the true spatial resolution that can be obtained,
in particular at low incidence angles. The possibility to define
a wind product with optimized true spatial resolution at inter-
mediate and high incidence, at the cost of noisier winds, also
remains to be investigated.

In this study, the high-resolution wind products were com-
pared with buoy winds averaged over 10 min. As has been shown
in [7], it is better to compare with buoy winds averaged over
a longer time period that is centered around the scatterometer
measurement time. At 7 m/s wind speed, buoy measurements
over 10 min are representative for a scale of about 4 km, which
is much smaller than the area covered by a scatterometer WVC.
This is also a subject for further research.

A final remark pertains the successors of the present series of
ASCAT instruments that will be mounted on the second gener-
ation of polar-orbiting Metop satellites (Metop-SG) from 2022
onwards. These will have no on-board averaging, resulting in
a denser measurement pattern and SRFs with a more circu-
lar shape, offering even more possibilities to define ultrahigh-
resolution wind products.

VI. CONCLUSION

In this study, two new high-resolution ASCAT wind products
on a 5.6 km grid were compared to the ASCAT-6.25 product.
The ASCAT-5.6 grid is synchronized to the ASCAT mid-beam
measurements, and the cross-track grid position is determined
by the requirement that it should fall exactly between two con-
secutive measurements. This leads to nonuniform grid sizes in
the cross-track direction. A very efficient processing scheme is
arrived at by using aggregation tables in combination with a
libration correction.

The ordinary ASCAT-5.6 product is similar to the ASCAT-
6.25 product, but with constant radar sampling. The improved
ASCAT-5.6 product employs an aggregation table that has been
edited manually to maximize the number of contributing mea-
surements.

The true spatial resolution is defined as the diagonal of the
—3 dB contour of the all-beams CSRF. For the ASCAT-6.25,
ASCAT-5.6, and improved ASCAT-5.6 products itis 17, 18, and
19 km, respectively. The ASCAT-5.6 products have poorer over-
lap between the beams than the ASCAT-6.25 product, because
the libration correction is discrete. The improved ASCAT-5.6
product compares better with buoys than the other two products,

because the increased number of measurements contributing to
a WVC leads to better quality winds. This is confirmed by a
few examples showing less ambiguity removal errors in the im-
proved ASCAT -5.6 product than in the ASCAT-6.25 product.
It is concluded that the improved ASCAT-5.6 product has better
quality than the ASCAT-6.25 product, at the cost of a slightly
inferior true spatial resolution.

No QC of the inversion was considered here, but generally a
more consistent retrieval also provides a more consistent QC.
This needs verification in future work.

The ASCAT-5.6 wind products presented in this study are
the first to exploit the possibilities offered by the full-resolution
product. A number of options remains to be investigated, and
extensive interaction with end users will be required to arrive at
wind products that suit their needs.
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