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Abstract In this study, we present a comprehensive comparison of the sea surface wind field measured
by scatterometer (Ku-band scatterometer) aboard the Chinese HY-2A satellite and the full-polarimetric
radiometer WindSat aboard the Coriolis satellite. The two datasets cover a four-year period from October
2011 to September 2015 in the global oceans. For the sea surface wind speed, the statistical comparison
indicates good agreement between the HY-2A scatterometer and WindSat with a bias of nearly 0 m/s and
a root mean square error (RMSE) of 1.13 m/s. For the sea surface wind direction, a bias of 1.41° and an
RMSE of 20.39° were achieved after excluding the data collocated with opposing directions. Furthermore,
discrepancies in sea surface wind speed measured by the two sensors in the global oceans were investigated.
It is found that the larger differences mainly appear in the westerlies in the both hemispheres. Both the bias
and RMSE show latitude dependence, i.e., they have significant latitudinal fluctuations.
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1 INTRODUCTION

Sea surface wind is one of the major air-sea
interface dynamic parameters, and for several
decades, it has been measured from space on large
scale. Spaceborne scatterometer, radiometer, radar
altimeter, and synthetic aperture radar (SAR) are the
major microwave sensors that obtain sea surface wind
information over the global oceans.

After the first scatterometer aboard the SeaSat-A
satellite, scatterometers have provided global sea
surface wind information for the past several decades,
such as the C-band Scatterometers aboard ERS-1,
ERS-2, the Advanced Scatterometers (ASACT) on
Metop, and the Ku-band Scatterometer of NSCAT
and QuikSCAT. These scatterometers either have
three fan-beam antennas or have a rotating pencil
beam, which can provide multiple measurements of
sea surface radar backscatter in principle to determine

two parameters, i.e., sea surface wind speed and
direction. A mature method of deriving ocean wind
vectors from spaceborne scatterometers is based on
the empirical Geophysical Model Function (GMF),
which relates the Normalized Radar Cross Section
(NRCS) with radar measurement geometry and wind
vectors. The improvement of GMF for better sea
surface wind retrieval has been a long-term effort.
The C-band GMFs of CMOD4 (Stoffelen and
Anderson, 1997), CMOD-Ifremer (Quilfen et al.,
1998), CMODS5 (Hersbach et al., 2007) / CMODSN
(Hersbach, 2010), and CMOD7 (Stoffelen et al.,
2017) have been developed for twenty years. For the
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Table 1 Summary of HY-2A SCAT sea surface wind validations

Wang et al.

Temporal span of dataset 01.2012-06.2012

Wu and Chen
01.2012-08. 2013

Yang et al.
0.12012-03.2012 and 08.2012
Buoy and ECMWEF reanalysis model data

Validation dataset Buoy data Buoy data
vs. buoy vs. model
Bias: -0.49 Bias: -0.36 Bias: -0.19 Bias: 0.01
Sea surface wind speed (m/s)
RMSE: 1.3 RMSE: 1.23 RMSE: 2.02 RMSE: 1.81
Bias: 0.92° (for SSW>3 m/s) Bias: 2.23° Bias: -2.24° Bias: 1.74°
Sea surface wind direction
RMSE: 19.19° (for SSW>3 m/s) RMSE: 22.85° RMSE: 40.28° RMSE: 38.56°
Ku-band scatterometers, GMFs of Ku-2011 Range Weather Forecasts (ECWMF) reanalysis

(Ricciardulli and Wentz, 2015) and NSCAT-4 (OSI
SAF, 2014) were proposed for QuikSCAT and
OSCAT. Recently, an improved Ku-band GMF called
NSCAT-5 (Wang et al., 2017) was developed, which
considers the effects of sea surface temperature (SST)
on wind retrieval from the Ku-band Scatterometer of
RapidScat.

Calibration/validation of scatterometer wind
retrievals is a necessary step to build up reliable
operational products. It has been conducted in many
studies by comparing in situ buoy measurements and
numerical weather predictions, e.g., presented in
(Verspeek et al., 2010; Vogelzang et al., 2011; Verhoef
et al., 2017) as well as comparing with other radar
retrievals of sea surface wind, e.g., from spaceborne
SAR (Monaldo et al., 2004; Yang et al., 2011).

The scatterometer aboard the HY-2A satellite
(hereafter HY-2A SCAT) is the first Chinese
scatterometer used for global sea surface wind
measurements (Jiang et al., 2012). The operational
requirements of HY-2A SCAT wind data for sea
surface wind speed and direction are 2.0 m/s and 20°
in terms of root mean square error (RMSE). Thus far,
several studies evaluating of the sea surface wind
measurements of HY-2A SCAT have been reported.
Table 1 gives a summary of the validation experiments
conducted on HY-2A SCAT wind data. The validations
suggest that the HY-2A SCAT sea surface wind speed
is slightly underestimated with a bias of less than
0.5 m/s and a root mean square error (RMSE) of less
than 1.5 m/s. For sea surface wind direction, the bias
is less than three degrees in all three validation
experiments, while the RMSE varies. In the studies of
Wang et al. (2013) and Wu and Chen (2015), the
RMSE of sea surface wind direction is consistent,
which is approximately 20° compared with in situ
buoy measurements. However, Yang et al. (2014)
indicates a larger RMSE of approximately 40°
compared with both the European Centre for Medium-

model results and buoy measurements.

Currently, multiple spaceborne scatterometers are
operational and providing global sea surface wind
measurements. Merging of multiple scatterometer sea
surface wind measurements can greatly improve
temporal sampling frequency, which is an advantage
in the assimilation of weather predictions (Valkonen
et al., 2017), global (Atlas et al., 2011) and regional
(Hasager et al., 2015) wind climatology studies.

We originally intended to merge the HY-2A SCAT
sea surface wind data with the ASCAT wind
measurements and use the merged data for regional
offshore wind energy statistics, particularly in the
China Seas where the two scatterometers have quite
different overpass times. Thus, cross-comparison of
the HY-2A SCAT sea surface wind data with other
satellite measurements is necessary to determine the
differences in accuracy, as well as solve the difficulty
of inconsistent bias. The ASCAT data were acquired
from the Remote Sensing Systems (RSS), which have
been “calibrated” with WindSat radiometer sea
surface wind data (Ricciardulli, 2016). Moreover, we
found that the cross-collocation of the HY-2A SCAT
with WindSat yields a vast amount of data pairs,
which can significantly reduce uncertainties in
comparisons. On the other hand, because the HY-2A
SCAT operates in the Ku-band, which tends to be
more affected by rainfall, we can use the cloud liquid
water content measured by WindSat to exclude the
HY-2A SCAT data affected by rainfall. This can yield
a better understanding of the HY-2A SCAT data
quality. Therefore, in this study, the WindSat sea
surface wind field data were chosen for comparison
with the HY-2A SCAT data. It is no doubt that in situ
measurements are the best validation dataset for the
sea surface wind measurements acquired by remote
sensors, while comparison of the HY-2A SCAT sea
surface wind measurements with WindSat data is
appropriate considering the global coverage and
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sensitivity factors of the Ku-band scatterometer on
rainfall.

Therefore, we seek the HY-2A SCAT wind data
quality in global oceans by comparison with the
calibrated WindSat wind speed data. The HY-2A
SCAT and WindSat data used in this study are briefly
described in Section 2. Statistical comparisons of the
HY-2A SCAT data with the WindSat wind data are
presented in Section 3. In Section 4, discrepancies
between the two sea surface wind datasets in the
global oceans are presented and analyzed. In the final
section, a summary and conclusions are provided.

2 DESCRIPTION OF DATASET
2.1 HY-2A SCAT sea surface wind data

HY-2A is the first ocean dynamic environment
satellite from China, which was launched in August
2011. HY-2A carries a radar altimeter, scatterometer
and two radiometers to obtain sea surface height, sea
surface wind and sea surface temperature, etc. For
wind vector retrieval, HY-2A SCAT used the
maximum likelihood estimation with a circle median
filter to remove wind direction ambiguity (Jiang et al.,
2012), which is based on the Ku-band geophysical
model function (NSCAT-2). Similar to QuikSCAT,
HY-2A SCAT operates in the Ku-band (15.256 GHz)
using a pencil beam. Previous studies have noted that
the wind data are unreliable in the outer swath and
nadir because of the pencil beam mechanism (Freilich
and Dunbar, 1999; Bourassa et al., 2003; Yuan, 2004;
Jiang and Song, 2010). Thus, the data from the outer
swath (1-4 and 73-76 of the 76 wind vector cells) and
nadir (37-38 cells) of HY-2A SCAT are excluded
from the comparison. According to the user manual,
the HY-2A SCAT wind data are valid in the range of
2-24 m/s. Therefore, only the HY-2-A SCAT data in
this range were used for comparison with WindSat
data.

The influence of rain on the Ku-band Scatterometer
sea surface wind measurement is greater than in the
C-band (Yang et al., 2014). Wentz (1990) proposed
that the columnar cloud liquid water content greater
than 0.18 mm may indicate rainfall. Some studies
(Mears et al., 2001; Meissner and Wentz, 2005; Wang
et al., 2013) then used this threshold to exclude
scatterometer wind data that may be contaminated by
rainfall. In this study, the columnar cloud liquid water
content measured by WindSat is used as the rain flag
to exclude the collocated HY-2A SCAT wind
measurements during rainfall conditions.
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2.2 WindSat Sea surface wind data

WindSat is the first spaceborne microwave full
polarimetric radiometer, which was launched in
January 2003 aboard the Coriolis satellite. WindSat
operates in five frequency channels of 6.8, 10.7, 18.7,
23.8 and 37.0 GHz (Gaiser et al., 2004). The all-
weather 10-meter sea surface wind speed and wind
direction data used in this study were provided by the
RSS with a sampling of 0.25 degrees. The all-weather
10-meter sea surface wind data are a smooth blend
between the standard wind speed obtained during
conditions of non-rain, and global wind speed during
rain and even of tropical cyclones. Extensive
validation of the WindSat data has been undertaken
by comparison with buoy measurements, other
satellites and the wind field from numerical models.
Meissner et al. (2011) shows that compared with buoy
measurements, the WindSat all-weather data have a
bias of 0.04 m/s during no rain conditions. Wentz et
al. (2005) notes that compared with buoys, the bias
and standard deviation of difference for WindSat
wind direction is 0.47° and 37.97°, respectively,
which is after excluding outliers (>90°) in the wind
speed range of 3-5 m/s. However, in the range of
5-25m/s, the standard deviation of difference
decreases to 20.95°. They also show that the standard
deviation of differences can meet requirement better
than 20° accuracy when sea surface wind speeds is
above 6 m/s. Therefore, in this study, we used a sea
surface wind speed greater than 6 m/s as a threshold
to further screen the WindSat direction data for
comparison with HY-2A SCAT wind direction data.

2.3 Cross collocation of HY-2A SCAT and WindSat
sea surface wind data

In this study, the HY-2A SCAT sea surface wind
data acquired from October 1, 2011 to September 30,
2015 were spatially and temporally collocated with
the WindSat data. The wind measurements from both
sensors have a spatial sampling of 25 km, which is
half of the grid size, i.e., 12.5 km is used as a spatial
window, and one hour is set as a temporal window for
collocation. The HY-2A SCAT valid wind speed range
is 2-24 m/s, and thus, the data we collocated is also in
that range. Finally, 231, 694, 842 data pairs were
obtained for wind speed comparisons. For comparison
of wind directions, null values from the WindSat wind
direction data were discarded. Additionally, because
WindSat wind direction is more accuracy when the
wind speed is above 6 m/s, an additional threshold of
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Fig.1 Comparison between the HY-2A SCAT and WindSat
sea surface wind speed data acquired during a four-
year period from October 2011 to September 2015
The color denotes the collocated data amount on logarithmic scale.
The black line represents the mean sea surface wind speed of
collocated WindSat data and HY-2A SCAT data within each 2 m/s
step in the 2-24 m/s bin.
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Fig.2 Stepwise comparison of the HY-2A SCAT sea surface
wind speed with the WindSat data acquired during
a four-year period from October 2011 to September
2015

The dots are the bias between the HY-2A SCAT and WindSat sea
surface wind speed, and the solid lines are the error bars (tone
standard deviation) in each 2 m/s step.

6 m/s is used to further screen the WindSat wind
direction data under low wind speeds. Finally, 155,
651, 614 data pairs of HY-2A SCAT and WindSat
were obtained for comparisons of wind directions.

3 STATISTICAL COMPARISON OF HY-
2A SCAT AND WINDSAT SEA SURFACE
WIND

The following two statistical parameters in terms
of bias (Eq.1) and RMSE (Eq.2) are used to evaluate
the HY-2A SCAT wind measurements. In the

formulas, H; represents sea surface wind speed or
wind direction data of HY-2A SCAT, W, is the WindSat
data, and » is the number of data pairs.

Bias=<4l © ' (1)

2

3.1 General comparison of sea surface wind speed

The statistical comparison of sea surface wind
speed is shown in Fig.1. The overall bias is nearly
0 m/s (-0.01 m/s) and the RMSE is 1.13 m/s, which
suggests that the HY-2A SCAT sea surface wind
speeds agree well with the WindSat data. However,
as seen in Fig.1, the differences between the two
datasets vary along with the sea surface wind speed,
especially for sea surface wind speeds greater than
18 m/s. Therefore, a stepwise comparison with a bin
size of 2 m/s was conducted, and the result is shown
in Fig.2. In the range of 2—-10 m/s, HY-2A SCAT sea
surface wind speed is consistent with the WindSat.
For sea surface wind speed greater than 10 m/s but
less than 18 m/s, the HY-2A SCAT measurements are
higher than the WindSat winds. As the sea surface
wind speed further increases, the increasing
underestimation trend of the HY-2A SCAT along
with wind speed becomes distinct, and the maximum
absolute value of bias is approximately 2 m/s in the
bin of 22-24 m/s.

3.2 General comparison of sea surface wind direction

For the comparison of sea surface wind direction,
the diagram in Fig.3 shows a bias of 1.51° and an
RMSE of 33.60°. Considering the periodicity of wind
direction, the calculated difference in wind direction
between HY-2A SCAT and WindSat is in the range of
-180°-180°, which is shown in Eq.3 where H,
represents sea surface wind direction data from HY-
2A SCAT, W, is the WindSat data, and b is the
difference in wind direction.

b=H-W-360 (H~-W>180),

b=360-H+W, (H~W<-180),

b=H~W, (-180<H~-W<180). 3)

A notable feature observed in the diagram is that
there are some collocations with opposing directions

(CWODs), where absolute values of wind direction
differences between HY-2A SCAT and WindSat are
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Fig.3 Comparison of the HY-2A SCAT sea surface wind
direction with the WindSat in the four-year period
from October 2011 to September 2015

The color denotes the collocated data amount on logarithmic scale.
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Fig.4 Dependence of CWODs on WindSat sea surface wind
speed

The bars filled by dark blue show the ratio of the number of CWODs
in a speed bin to the number of all CWODs data, and bars filled by
yellow show the percentage of colocations data in each bin.

larger than 120°, and this accounts for 2.80% of the
total amount of data. There are 0.57% of these data
that have a wind direction difference of approximately
180°, which indicates that inaccurate solutions were
chosen in the retrieval. Discarding these data from the
comparisons, and bias and RMSE reduce to 1.41° and
20.39°, respectively.

The distribution of CWODs is another issue
investigated. In general, the percentage of CWODs
does not depend on the wind speed distribution. Both
have maximum values in the range of 8-10 m/s,
which indicates that the inaccuracy of the HY-2A
SCAT wind direction data is systematic.

Figure 5a and b show the dependence of wind
direction residuals between the two datasets for the
WindSat measurements of sea surface wind speed and
wind direction, respectively. The bin size of the wind
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The dots represent the bias and the solid lines are the error bars

(+one standard deviation) in each wind direction bin of 30° and
wind speed of 2 m/s.
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Fig.6 Global distribution of sea surface wind speed bias
between HY-2A SCAT and WindSat data

direction is chosen as 30° (that is, the residuals are
calculated every 30° beginning at 0°). It seems that
the residuals have slight dependence on the WindSat
wind direction, liking a “sinusoidal” fluctuation along
with wind direction. In contrast, residuals of HY-2A
SCAT wind direction have no systematic dependence
on the WindSat sea surface wind speed, which is
nearly unchanged with the increasing of sea surface
wind speed, but the standard deviation of residuals in
the 6-8 m/s and 2224 m/s are larger than in other bins.
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Fig.8 Global distribution of sea surface wind speed biases
between HY-2A SCAT and WindSat data after
excluding January 2013—June 2013 and 2015 data

4 ANALYSIS OF GEOGRAPHIC ZONAL
DISTRIBUTION OF SEA SURFACE
WIND SPEED RESIDUALS AND RMSE

The geographic distributions of bias in each 0.25°
by 0.25° grid are shown in Fig.6. As shown in Fig.6,
the bias of collocated HY-2A SCAT and WindSat
wind speed before correction is in the range of -1.00—
1.00 m/s. In general, positive values are found mainly
between 40°—60°N and 40°-60°S belts, which are
where high wind speed westerlies prevail. However,
this cannot be derived from the overall comparison of
sea surface wind speed shown in Fig.2, which shows
that the HY-2A SCAT wind speeds are smaller than
those of WindSat for wind speeds above 18 m/s, as
the collected high wind speed (>18 m/s) data only
requires a small portion (1%) of the whole dataset.
Most of the collocated data are in the range of
2-18 m/s for wind speed. Therefore, the positive bias
in the westerlies is not contradictory with the overall
comparison shown in Fig.2.

There are also some specific regions, e.g., the west
coast of the U.S., the west coast of Southern Africa
and the west coast of central Latin America, where the
HY-2A SCAT wind speeds are much higher than that
with WindSat with a bias beyond 1 m/s.
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Fig.9 Global distribution of sea surface wind speed RMSE
between HY-2A SCAT and WindSat data

After we examined the time series comparison
between the HY-2A SCAT and WindSat wind speed
data, shown in Fig.7, there seems to be some plausible
reasons for the distinct biased feature observed in the
Fig.6. Figure 7 suggests that the quality of the HY-2A
SCAT data is quite unstable during certain periods
between October 2011 and September 2015.
Particularly during the first half of the year in 2013,
the HY-2A SCAT wind speed is much higher than that
of WindSat with a bias above 1.0 m/s. However,
before and after the period until the beginning of
2015, the bias is rather stable, which is generally
between -0.3—0 m/s. From the beginning of 2015, the
bias shows a dramatic jump from approximately
-0.5 m/s to 1.0 m/s, and then, it gradually decreases to
zero in the following months. We also checked the
comparisons of WindSat with other datasets, and they
do not show bias fluctuations in the time series
(Wentz, 2015). Therefore, the HY-2A SCAT data need
to be further improved for consistent accuracy.

Figure 8 shows the global distribution of biases
after we excluded the HY-2A SCAT data acquired
between January and June 2013 and in 2015. The two
datasets are fairly consistent in terms of sea surface
wind speed, particularly for the westerlies, which is
where the original comparison (Fig.6) suggests that
HY-2A SCAT wind speed is much higher than that of
the WindSat. However, the distinct overestimation of
HY-2A SCAT wind speed on the west coast of the
U.S., South Africa and central Latin America remain.

As shown in Fig.9, the RMSE range of global wind
speed is from 0 m/s to 2 m/s. The values within 40°—
60°S and 40°-60°N are larger than those in other
areas and reach greater than 1.75 m/s. Smaller values
found in the east tropical Pacific and east tropical
Atlantic are about approximately 0.75—1.00 m/s.

Except for the global distribution of bias and
RMSE, we also calculated the zonal averaged
distribution to describe the differences between the
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Fig.10 Zonal average of the HY-2A SCAT sea surface wind
speed bias (a) and RMSE (b)

HY-2A SCAT data and WindSat data. Each 1° latitude
zonal bias or RMSE value is computed with the
collocated data of that latitude, which is shown in
Fig.10. The bias of the HY-2A SCAT from 60°N to
60°S belt is in the range of -0.21-0.21 m/s (Fig.10a),
which shows a very distinct latitude fluctuation. The
largest bias is found at 40°S, and the smallest one is
found at the equator. With respect to the statistical
parameter of RMSE, the RMSE varies from
approximately 0.90 m/s to 1.40 m/s from high latitude
to equator (Fig.10b). Similar to the bias, the minimal
RMSE value is found at the equator, and the largest is
found at 60°N and 60°S.

5 SUMMARY AND CONCLUSION

HY-2A is the first Chinese satellite dedicated to
measurements of ocean dynamic parameters, which
has been in operation since 2011. In principle, these
data are available for merging with other wind data
from space sensors, as well as contributing to global
sea wind observations. A consistent accuracy in
observations is a prerequisite for merging the HY-2A
SCAT wind data with other scatterometer observations.

We found that the ASCAT has quite different
overpass times in the China Seas from those of the
HY-2A SCAT. Therefore, we did not collocate the
HY-2A SCAT data with the ASCAT data. Instead,
these data were temporally and spatially collocated
with WindSat data, which yields more than two
hundred million data pairs for the period from October
1, 2011 to September 30, 2015. The large amount of
collocations ensures that one can obtain stable
statistical parameters, in terms of bias and RMSE in
this study. The general comparison of sea surface
wind speed between the HY-2A SCAT and WindSat
yields a bias of almost 0 m/s and an RMSE of 1.13 m/s,
which suggests that the HY-2A SCAT wind speed
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data are good quality. On the other hand, detailed
comparisons suggest that there is space for further
improvement of the HY-2A SCAT data.

The wind speed biases of the two datasets depend
somewhat on the sea surface wind speed. In the range
of 2—10 m/s, the HY-2A SCAT agrees well with the
WindSat wind speed. Along with increasing wind
speed, the HY-2A SCAT results are higher than that of
WindSat, whereas the trend is reversed for wind
speeds greater than 18 m/s, where the HY-2A SCAT is
lower than WindSat. The comparison of wind
direction bias is small at 1.51°, but the RMSE is large
at 33.60°. When the HY-2A SCAT data with CWODs
were excluded from the comparison, the bias
decreased to 1.41°, and the RMSE reduces to 20.39°.
The residuals of wind direction between the two
datasets have no dependence on wind speed, while
seem to slightly depend on wind direction.

We further conducted geographic comparisons
between the two datasets. The global maps, as well as
the zone average results for biases and RMSEs
suggest that their discrepancies have clear dependence,
i.e., the values of bias and RMSE have distinct
fluctuation between the high latitude belts and the
equator area. More importantly, the bias between HY-
2A SCAT and WindSat wind speed is not stable during
the four-year period. Over the period from January to
June 2013 and January to July 2015, the bias is
positive, whereas it is negative during other periods.
With these data excluded from the global bias map,
the differences between the two datasets have rather
consistent distributions in the global oceans, although
distinct differences in a few areas remains (refer to
Figs.6, 8).

In summary, this study suggests that the accuracy
of the HY-2A SCAT wind data can meet operational
requirements, while the retrieval algorithm of the sea
surface wind vectors from HY-2A SCAT measurements
can be further improved for better data quality, and
the data can be used worldwide.
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