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Abstract: The China-France Oceanography SATellite (CFOSAT), launched on 29 October 2018, is a
joint mission developed by China and France. To evaluate the CFOSAT wind product, L2B swath
data with a spatial resolution of 25 x 25 km were compared with in situ measurements between
December 2018 and December 2020. The in situ measurements were collected from 217 buoys. All
buoy winds were adjusted to 10 m height using a simple logarithmic correction method. The
temporal and spatial separations between the CFOSAT and in situ measurements were restricted
to less than 30 min and 0.25°. The results indicate that the CFOSAT wind retrievals agree well with
the buoy measurements. The root mean square errors (RMSEs) of wind vectors were 1.39 m s~ and
34.32° and negligible biases were found. In the near shore under rain-free conditions, the RMSEs
were enhanced to 1.42 m s and 33.43°. Similarly, the RMSEs were reduced to 1.16 m s! and
30.41°0offshore after the rain effect was removed. After winds less than 4 m s! were removed, the
RMSE of wind directions was reduced to 19.69°. The effects of significant wave height, air-sea
temperature difference, sea surface temperature, atmospheric pressure and ocean surface current
on the wind residuals were assessed. The performance of wind retrievals under the passage of
tropical cyclones was evaluated. The evaluation results show that the CFOSAT wind retrievals
satisfy the accuracy requirements of scientific research, although some improvements are needed
to enhance the performance.
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1. Introduction

Ocean surface wind vectors are fundamental parameters in various fields of mete-
orology, oceanography and climate studies [1]. Despite the importance of ocean surface
wind data, there are few in situ wind data available in many areas of the ocean and most
of the data are concentrated in coastal waters or near islands. Satellite observations have
the advantages of covering a wide area simultaneously and regularly with a width of
from 1000 km Advanced Scatterometer, (ASCAT), two swaths of approximately 500 km)
to 1800 km Quick Scatterometer, (QuikSCAT) and over a period of years. However, sat-
ellites do not measure wind vectors directly but, rather, measure radiation signals from
the sea surface. Therefore, it is necessary to characterize the overall accuracy and preci-
sion of China-France Oceanography SATellite (CFOSAT) wind retrievals before they can
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be used for meteorological, oceanic and climatic studies.

Many studies have been conducted to compare scatterometer, radiometer and al-
timeter satellite wind retrievals with in situ measurements and numerical weather pre-
dictions (the European Center for Medium-Range Weather Forecasts (ECMWF)) and
cross validation between different satellite retrievals has been performed to evaluate the
quality of different satellite wind products. In particular, previous studies have evalu-
ated the wind data for the Special Sensor Microwave Image (SSM/I) series [2,3],
QuikSCAT [4-6], ASCAT [7], Haiyang-2A (HY-2A) [3,8,9], Haiyang 2B (HY-2B) [10,11],
WindSat [12-15], Advanced Microwave Scanning Radiometer (AMSR) series [3], Sentinel
[16] and Jason [16].

CFOSAT is a joint mission of China and France that was successfully launched on 29
October 2018. The primary scientific objective of CFOSAT is to monitor the global ocean
surface wind vectors and sea wave spectrum. This ambitious objective is accomplished
with two Ku-band payloads: the wind scatterometer (SCAT) supplied by the China Na-
tional Space Administration and the wave scatterometer supplied by the Centre National
d’Etudes Spatiales (CNES) of France. The SCAT is the first rotating fan-beam scatterom-
eter with alternating horizontal and vertical polarizations. It measures the sea surface
wind vector within a swath width of 1000 km. The operational requirements (designed
accuracy) of SCAT wind vectors are better than 2.0 m s or 10% (larger) within 4-24 m s
and the wind direction is better than +20°.

After the launch of CFOSAT, three preliminary evaluation studies [17-19] reported
that the CFOSAT wind vectors agree well with the ECMWF reanalysis data. Based on
one-view data of the nominal working mode on 18 December 2018, Lin et al. [17] noted
that CFOSAT wind speed is overestimated at low wind (<4 m s') and underestimated at
high wind (>15 m s). According to several days of CFOSAT data, Zhu et al. [18] first
reported that the biases of wind speed and wind direction between CFOSAT and
ECMWEF reanalysis data were 0.03 m s and 0.39° and the standard deviations (STDs)
between them were 1.45 m s and 14.28°, respectively. In the period of July 2019 to De-
cember 2019 over oceans at high latitudes (>60°N), the STDs between CFOSAT and
ECMWEF reanalysis data and Oceabsat-2 Scatterometer (OSCAT2) and ASCAT-B were
1.29 m s, 0.98 m s and 0.87 m s, respectively [19]. However, CFOSAT wind vectors
have not yet been evaluated over the global ocean using in situ measurements. In the
present study, CFOSAT wind vectors are compared with near shore and offshore in situ
buoy measurements to evaluate the performance of CFOSAT wind retrievals.

2. Materials and Methods
2.1. CFOSAT SCAT Wind Data

CFOSAT is a sun-synchronous satellite with a 520 km orbital altitude and an incli-
nation angle of 97.4° and its repeat cycle is 13 days. The design lifetime of the CFOSAT
satellite is 3 years. The SCAT is a rotating fan-beam radar with large incidence angles
(28-51°) and a working frequency of 13.256 GHz [17]. The CFOSAT wind data were in-
verted based on an National Aeronautics and Space Administration Scatterometer
(NSCAT)-4 geophysical model function by using the maximum likelihood estimation
and the inversion residual was used as the wind quality indicator [17,20]. A 2-D varia-
tional method was applied to remove the wind ambiguities [20]. To date, the CFOSAT
team has published L2 data products with spatial resolutions of 12.5 x 12.5 km and 25 x
25 km for scientific research.

As swath products with a 12.5 km resolution are available only after September
2019, to obtain more collocations, L2B swath data with a spatial resolution of 25 x 25 km
were used to evaluate the quality of the CFOSAT wind product. All swath data are
freely available at the China Ocean Satellite Data Service Center
(https://osdds.nsoas.org.cn/, 1 March 2021) and from AVISO (www.aviso.altimetry.fr/, 1
March 2021). In addition to the wind speeds and directions, L2B swath data contain
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times, positions and qualities. The quality includes flags of detected rain, land, large
wind, small wind, ice, etc. In the present study, rain flags were used to divide the collo-
cations into rainy and rain-free parts to evaluate the effects of rain on wind retrievals.

2.2. Buoy Datasets

Buoy observations have been commonly used to evaluate the performance of satel-
lite wind vectors. In this study, the performance of the CFOSAT wind product was
evaluated using data from 217 buoys (Figure 1). One buoy from the National Earth Sys-
tem Science Data Center, National Science & Technology Infrastructure of China
(http://www.geodata.cn, 1 January 2020), is located in the South China Sea. Five buoys
from the National Marine Data Center (http://mds.nmdis.org.cn/, 1 January 2020) are lo-
cated on the east coast of China. Fifty-seven buoys operated by the Tropical Atmosphere
Ocean (TAO) project are in the tropical Pacific Ocean. Thirteen buoys operated by the
Pilot Research Moored Array (PIRATA) are in the tropical Atlantic Ocean. Sixteen buoys
are operated by the Research Moored Array for African-Asian-Australian Monsoon
Analysis and Prediction (RAMA) and are mainly located in the tropical Indian Ocean.
Two buoys from the Ocean Climate Station are located in the mid-latitudes of the Pacific
Ocean. A total of 123 buoys are operated by the National Data Buoy Center (NDBC),
USA.
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Figure 1. The locations of the 217 buoys used to evaluate the China-France Oceanography SATellite
(CFOSAT) wind retrievals. Black circles, National Data Buoy Center (NDBC); pink squares, Trop-
ical Atmosphere Ocean (TAO); red diamonds, Research Moored Array for Afri-
can-Asian-Australian Monsoon Analysis and Prediction (RAMA); light blue left triangles, Pilot
Research Moored Array (PIRATA); orange stars, the National Marine Data Center; green circle, the
National Earth System Science Data Center; dark blue crosses, the Ocean Climate Station.

In addition to wind vectors, buoys also provide other information, such as the sig-
nificant wave height (SWH), air temperature, sea surface temperature (SST), atmospher-
ic pressure and ocean current vectors. All buoy data were first subjected to strict quality
control. For example, records with warning flags or bar quality labels were removed.
Outliers beyond reasonable physical variation ranges (e.g., 0-60 m s for surface wind,
0—40 °C for air temperature and —4-33 °C for SST) were removed [21]. Records that had
differences greater than five times the STD from their adjacent records were also re-
moved to provide better data quality for the subsequent analyses. Among all 217 buoys,
81 are located near shore (<100 km from the shore) and 136 are located offshore (more
than 100 km away from the shore and at water depths >50 m). The spatial distribution of
all buoys is shown in Figure 1.

The CFOSAT wind products are tantamount to neutral winds at 10 m above the sea
surface, while the buoy winds are measured at different heights. To make the buoy data
comparable to the CFOSAT wind data, the buoy winds must be adjusted to neutral
winds at a height of 10 m. The direction of the wind is assumed not to change with the
adjustment.
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Several simple logarithmic and sophisticated algorithms have been frequently used
to adjust the heights of buoy winds [2,22]. For sophisticated algorithms, several parame-
ters, such as SST, air temperature, air pressure and relative humidity, are required. Most
of these parameters are absent in most buoys. Previous findings have confirmed that the
average deviation between the wind speeds adjusted by the sophisticated and simple
logarithmic methods is approximately 0.1-0.12 m s, with an STD of 0.17 m s [2,23].
Therefore, a simple logarithmic method was used to adjust the buoy winds to neutral
winds at a height of 10 m:

U, = In(z/z) /In (zm/20) X U(zm)

where Uz and U(zm) are the wind speeds at heights z and zm, respectively; zo is the
roughness length offset to be 1.52 x 104 m [24]; and zm is the measurement height.

2.3. Methods

Three frequently used methods were used to evaluate the CFOSAT wind product.
The mean bias was calculated as Bias = %Z?:l(XCFOSAT — Xbuoy)

The root mean square error (RMSE) is given by RMSE = \/% 2it1(Xcrosat — Xbuoy)?

. . . 2
The STD is given by STD = \/%Z{‘zl(XCFOSAT — Xbuoy — blas)

where n represents the number of collocations, Xcrosar is the sea surface wind speed or
wind direction data of CFOSAT and Xbuoy is the buoy observation. Since the wind direc-
tion is continuous at 0 and 360°, it should be Xbuoy = Xbuoy + 360 when Xcrosat — Xbuoy > 180°
and Xbuoy = Xbuoy — 360 when Xcrosat — Xbuoy < 180°.

To assess the accuracy of the CFOSAT retrievals, the CFOSAT wind data and buoy
measurements were collocated in time and space. Many temporal and spatial differences
have been used in satellite-buoy comparison studies (Table S1, see Supplementary Ma-
terial). To compare with other satellite products, the frequently used criteria of 0.25° and
30 min were used in this study. It has been demonstrated that time differences between
15 min and one hour do not generate significant changes in the statistics of wind speed
comparison [25]. Using the above method, 298,871 and 263,722 matchups for wind speed
and wind direction, respectively, were obtained between December 2018 and December
2020. The discrepancy in the collocation number of wind speed and direction is mainly
due to the absence of wind direction data in the NDBC.

3. Results
3.1. Owverall Statistics

The CFOSAT wind vectors were compared with buoy measurements over the global
oceans (Figure 2). Overall, the wind speed and direction agreed well with in situ meas-
urements, with linear regression coefficients (r) of 0.89 and 0.95, respectively (Table 1).
CFOSAT retrievals slightly overestimated the wind speed by 0.06 m s, with an RMSE of
1.39 m s (Figure 2a). A negligible bias was found for the wind direction, with an RMSE
of 34.32° (Figure 2b). The difference between the RMSE and STD was quite small due to
large collocations. The obvious discrepancy between in situ and CFOSAT winds at wind
speeds <7 m s (green arrow in Figure 2a) was due to rain contamination, which
prompted us to analyze the collocations according to rain flags and distance to shore.
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Figure 2. Scatter density plots of collocations for wind speeds (a) and directions (b).

Table 1. The statistical parameters of wind speeds and directions between CFOSAT wind retrievals and in situ meas-
urements under all weather, rain and rain-free conditions.

Root Mean Square Error

(RMSE) r Collocations
(SIEZZC; D1re(e°c)t ton (SIEE::; Dlre(e:)t ton Speed Direction Speed Direction
All 0.06 1.61 1.39 34.32 0.89 0.95 298,871 263,722
Near shore
All 0.33 2.57 1.63 36.97 0.89 0.94 57,837 53,691
Rain 0.53 2.16 2.33 49.27 0.86 0.9 11,187 10,218
No Rain 0.28 2.67 1.42 33.43 0.91 0.95 46,650 43,473
Offshore

All -0.01 1.36 1.32 33.61 0.89 0.95 241,034 210,031
Rain 0.27 0.01 24 56.15 0.84 0.87 22,084 19,295
No Rain -0.04 1.5 1.16 30.41 0.9 0.96 218,950 190,736

In the near shore areas, the RMSEs and biases of wind speeds and directions in-
creased to 1.63 m s and 36.97° and 0.33 m s and 2.57°, respectively (Figure 3). Although
the r of wind speed did not drop, a smaller intercept of 0.76 m s was obtained (Figure
3a). The r of the wind direction decreased to 0.94 with a larger intercept of 3.17° (Figure
3b). According to the rain flag, the near shore collocations were separated into rainy
(19%) and rain-free (81%) parts. Under rainy conditions, the biases and RMSEs of wind
speeds were enhanced to 0.53 m s~ and 2.33 m s, respectively (Figure 3c). Correspond-
ingly, r slightly decreased to 0.86, with a larger intercept of 1.11 m s-1. Although the bias
of wind direction decreased to 2.16° under rainy conditions, the RMSE suddenly in-
creased to 49.27° and r decreased to 0.90, with a larger intercept of 5.60° (Figure 3d). After
rain exclusion, the RMSE and bias of wind speeds decreased to 1.42 m s and 0.28 m s!
and r increased to 0.91 (Figure 3e). Likewise, the RMSE of wind directions decreased to
33.43° and r increased to 0.95 (Figure 3f).
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Figure 3. Scatter density plots of collocations for wind speeds (upper panels) and directions (lower panels) under all
weather (a,b), rain (c,d) and rain-free (e,f) conditions in the near shore areas.

In the offshore region, the RMSEs and biases of wind speeds dropped to 1.32 m s
and -0.01 m s, respectively (Figure 4a). The RMSEs and biases of wind directions
dropped to 33.61° and 1.36°, respectively (Figure 4b). Although the r of wind speed and
wind direction was not improved, smaller intercepts of 0.63 m s and 0.67° were ob-
tained. Likewise, the offshore collocations were separated into rainy (9%) and rain-free
(91%) parts using rain flags. Under rainy conditions, the bias and RMSE of wind speeds
increased to 0.27 m s! and 2.40 m s, respectively, and r decreased to 0.84 (Figure 4c). For
the wind direction, a higher RMSE of 56.15° and a lower r of 0.87 were observed (Figure
4d). Under rain-free conditions, although the biases of wind speeds and directions
slightly increased to —0.04 m s (Figure 4e) and 1.50° (Figure 4f), the RMSEs decreased to
1.16 m s and 30.41° and r improved to 0.90 and 0.96, respectively.
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Figure 4. Scatter density plots of collocations for wind speeds (upper panels) and directions (lower panels) under all
weather (a,b), rain (c,d) and rain-free (e,f) conditions in the offshore areas.

3.2. Analysis of Residuals

The residuals of wind vectors in 1 m s bins of in situ wind speed under the condi-
tions of all weather, rain-free and rain contamination in the offshore areas are presented
in Figure 5. The wind speed biases gradually decreased from 1.28 m s-! at wind speeds <1
m s to —0.52 m s in wind speed bins of 12 m s and slightly increased to nearly zero at
high winds (Figure 5a). Similarly, the RMSE decreased from 2.23 m s to 1.07 m s in
wind speed bins 8 m s~ and gradually increased to approximately 2 m s at high winds.
The bias of wind direction gradually linearly increased from —3.34° at low wind speeds to
approximately 5° at wind speeds >15 m s (Figure 5b). Similarly, the RMSE sharply de-
creased from 92.85° to less than 20° in wind speed bins of 7 m s and gradually decreased
to approximately 10° at high winds. In brief, the accuracy of the CFOSAT wind speed
generally first increased and then deceased, while the accuracy of the CFOSAT wind di-
rection generally decreased with increasing wind speed.
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Figure 5. Residuals (CFOSAT —in situ measurements) of wind speeds and directions calculated in 1 m s~! bins of in situ
wind speed under all weather (a,b), rain-free (c,d) and rain conditions (e f) in the offshore areas. Blue circles, black
squares, red triangles and green diamonds represent the number of collocations, bias, STD and RMSE, respectively. Only
bins involving more than 50 collocations are plotted.

The accuracy was improved under rain-free conditions, except for a slightly higher
bias at wind speeds <3 m s (Figure 5c). Specifically, the RMSE of wind directions
dropped to 19.69° and 15.11° at wind speeds >4 m s and >6 m s, respectively (Figure
5d). Under rainy conditions, a positive wind speed bias at wind speeds <10 m s and a
negative bias at wind speeds >10 m s were observed and both the STD and RMSE were
highly enhanced at wind speeds <17 m s (Figure 5e). Compared with that under
rain-free conditions, a higher wind speed bias at wind speeds of 4-11 m s! and a lower
bias at wind speeds >12 m s-! were obtained under rainy conditions. Both the RMSE and
STD of the wind direction increased and the bias showed high variation (Figure 5f). In
brief, rain significantly decreased the accuracy in both wind speed and direction.

3.3. Errors Versus Buoy Location

To better understand the performance of CFOSAT winds in different buoys, the
geographic distribution of bias and RMSE under rain-free conditions in the offshore area
were plotted, as shown in Figure 6. Each square or dot represents a buoy and the color of
each symbol indicates the bias or RMSE between the CFOSAT wind retrievals and the
matched in situ measurements. The positive wind speed bias is obvious in the Gulf of
Mexico and at the 5°N-8°N and 8°S in the Pacific Ocean (Figure 6a). In contrast, the neg-
ative deviations are primarily located at 4°N-5°S in the Pacific Ocean, tropical Indian
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Ocean and Atlantic Ocean. The maximum bias of 0.73 m s! is located at 5°N, 155°W and
the corresponding minimum bias of —0.83 m s is located at 0°N, 170°W.

60°N

45°N
30°N

180°W 120°W

-1 -08 -06 -04 -02 0 0.2

Bias (m s'1)

180°W 120°W
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RMSE (ms™) RMSE (°)

Figure 6. The mean difference (a,b) and RMSE (c,d,e,f (wind speed > 6 m s!)) of wind speeds and directions between
CFOSAT and buoy at each buoy site offshore under rain-free conditions.

Figure 6c represents the distribution of the RMSE of wind speed. Only 7 stations
had RMSEs larger than 1.5 m s and they were uniformly distributed in the global
oceans. The maximum RMSE of approximately 1.84 m s is located in the South China
Sea. Low-RMSE buoys are primarily located in the South Pacific Ocean and tropical At-
lantic Ocean. After wind speeds <6 m s were removed, the global distribution of wind
speed RMSE did not change significantly (Figure 6e). The RMSE decreased only from
1.16 ms?to 1.11 m s,

For the wind direction, most buoys showed a positive bias in the Pacific Ocean and
the Indian Ocean except for a few stations with negative biases of 5°N-8°S, 165°E-180°W
and 5°N-8°N, 95°-155°W (Figure 6b). The positive and negative biases were evenly dis-
tributed in the North Atlantic Ocean. The maximum bias was 9.96°, which is located at
2°S, 125°W. The corresponding minimum bias was —11.63°, which is located at 14.33°N,
46.08°W. It is clear that the RMSEs in the Atlantic Ocean and western tropical Pacific
Ocean were smaller than those in the eastern tropical Pacific Ocean and Indian Ocean
(Figure 6d). The maximum RMSE of 80.64° is located at 8°N, 90°E and the minimum
RMSE of 11.43° is located at 8°S, 155°W. In addition, some large RMSEs > 50° occurred in
the tropical Indian Ocean and western tropical Pacific Ocean. Similar to Figure 6e, the
performance of wind direction RMSE significantly improved with the remove of wind
speeds <6 m s (Figure 6f). Except for three buoys in the Pacific Ocean (2°S, 165°E; 5°N,
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165°E; 0°N, 165°E) and four buoys in the Indian Ocean (8°N, 90°E; 8°N, 95°W, 1.5°S,
80.5°E; 0°N, 80.5°E), the RMSEs of the other buoys were less than 25°. One possible ex-
planation is that there are some malfunctioning buoy instruments.

The distributions of the wind speed bias and RMSE under rain-free conditions the
near shore region are shown in Figure 7. The overall results were worse than those of the
offshore buoys, as shown in Table 2. The overall bias and RMSE on the coast of China
were poorer than those on the US coast. The relatively high positive biases (>2 m s) are
located near the coast of China. The bias of wind speeds near the coast of China was
much larger than that near the coast of the US (Table 2). The wind speed RMSE range
near the US coast is 0.93-2.61 m s and that of the Chinese coast is 2.80-4.27 m s-1. The
RMSE of wind speeds near the coast of China (3.64 m s') is approximately three times
higher than that near the coast of the US (1.38 m s). After wind speeds <6 m s-! were
removed, both biases and RMSEs near the China and US coasts decreased (Table 2).

60°N

45°N

30°N

160°E

160°W 160°E

120°W 120°E
] |
0 1 2 3 4 20 15 -10 5 0 5 10 15 20

120°E 160°E

Wind speed > 6 m s

160°W

160°W 120°W 120°E 160°E

Wind speed > 6 m st

120°E 160°E 160°W 120°W 120°E 160°E 160°W 120°W
1 15 2 i 3 35 4 45 5 10 20 30 40 50
RMSE (ms™) RMSE (°)

Figure 7. The mean difference (a,b) and RMSE (c,d,e f (wind speed >6 m s)) of wind speeds and directions between
CFOSAT and buoy at each buoy site in the near shore under rain-free conditions.

Table 2. The statistical parameters of wind speed and direction between CFOSAT wind retrievals and in situ measure-
ments under rain-free conditions on the coasts of China and the US.

Coast Mean Bias RMSE Distance from Collocations
Speed Direction Speed Direction Shore (km) Speed  Direction
(ms™) ©) (m s ©)
All wind speeds
China 1.82 9.86 3.64 57.93 12.6+9.3 410 409
Us 0.27 2.61 1.38 33.36 3591247 45,258 42,082
Wind speeds > 6 m s!
China 0.14 7.02 2.95 41.18 13.9+10.3 190 190
Us 0.15 2.62 1.37 16.75 37.3+24.5 23,330 21,796
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The wind direction bias is negligible on the US coast and is approximately 10° near
the coast of China. Likewise, the RMSE of the wind direction near the coast of China
(57.93°) is much larger than that near the coast of the US (33.36°). After wind speeds <6
m s! were removed, the RMSEs near the coasts of China and the US decreased to 41.18°
and 16.75°, respectively (Table 2).

4. Discussion
4.1. Comparison with Other Satellite Wind Retrievals

Many satellite missions, including altimeters, radiometers and scatterometers, can
provide global wind speed and direction. To evaluate the performance of those satellite
products, the wind retrievals were calibrated and validated with in situ measurements
(Supplementary Material). The accuracy of satellite wind vectors depends on wind
product versions, the method of validation, periods, oceans, weather conditions, the
strictness of quality control and the magnitude of wind speed [5,10,11,15,25].

Using US west coast buoys, Pickett et al. [5] reported that the RMSEs of QuikSCAT
wind retrievals were 1.6 m s and 38° after removing wind speeds less than 3 m s and
dropped to 1.4 m s and 37° after removing rain-flagged data, respectively. Similarly,
WindSat wind speed RMSEs of 1.44 and 1.18 m s~ were found on the US west and east
coasts, respectively [14]. A higher RMSE of ASCAT wind speed (1.92 m s™') was reported
along the coast of China [26]. The RMSEs of HY-2A wind speeds and directions were 2.46
m s and 53.65°, respectively, using 39 near shore NDBC buoys [8]. Compared with the
performance of ASCAT wind retrievals along the coast of China, the bias and RMSE of
CFOSAT retrievals are much higher, which is mainly due to the buoys being closer to the
shore. In brief, the performance of CFOSAT is comparable to that of QuickSCAT, HY-2A
and ASCAT.

Most of the wind retrieval evaluation studies were conducted in offshore areas using
NDBC, TAO, RAMA and PIRATA buoy observations. During July 1999-December 2000,
RMSEs of QuikSCAT wind speeds of 1.01 m s and directions of 29.6° were obtained
when all flagged data were excluded [4]. After removing rain effects, the RMSE of the
QuikSCAT wind directions dropped to 20° and 15° when wind speeds were larger than
3 m st and 6 m s, respectively [5]. Over a wind speed of 3-20 m s! under rain-free
conditions, the RMSE of QuikSCAT wind speed was 1.22 m s and the STD of wind di-
rection was 18.7° [12]. In the Indian Ocean, the RMSEs of wind speed of 1.57 m s and
wind direction of 44.1° were reported from 1999-2003 [6]. Large RMSEs of 1.69 m s and
34.67° were found over a short period from 1-21 November 2009 [27]. Overall, the RMSE
of wind speed varies from 1.0-1.69 m s and that of wind direction varies from 15-44.1°,
based on different validation methods, time periods, speed ranges and production ver-
sions. As a continuation of the QuikSCAT, International Space Station Scatterometer
(ISS-RapidScat) showed similar performance (wind speed RMSE = 1.42 m s-!; wind di-
rection RMSE = 19.5°) when all flagged data were excluded [28].

For ASCAT wind data, RMSEs of 0.79-1.72 m s for wind speed and 16-18° for wind
direction were obtained over a short period of March-October 2007 [7]. The RMSEs were
changed to 0.86 m s-! and 17.97° during the period of January 2012-August 2013 [29]. For
the OSCAT wind product, RMSEs of 1.56 m s for wind speeds and 26.69° for wind di-
rections were found in the offshore area during November 2009-June 2010 [27]. In an-
other offshore study, the RMSEs of OSCAT wind speed and direction were 1.71 m s and
51.38° in the Indian Ocean and 1.92 m s and 44.61° in the Pacific Ocean, respectively
[30]. After choosing the wind data within five times the STD, similar RMSEs of 1.54 m s~
and 39.86° were found between January 2012 and August 2013 [29]. Using the L2B
product produced by the Jet Propulsion Laboratory, lower RMSEs of 1.20 m s~ and 17.7°
were reported by Yang and Zhang [31] over a long period from January 2010 to February
2014. For HY-2 series products, RMSEs for HY-2A wind speeds of 1.73-1.94 m s and
directions of 43.11-46.63° were reported from 2012-2014 and decreased to 1.20-1.78 m s-!
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and 39.68-45.78°, respectively, after rain was excluded [9]. The RMSE of HY-2A de-
creased to 1.30 m s and 27.40°, respectively [32]. The performance of the HY-2B wind
data was better (the RMSEs of wind speed and direction were 0.98 m s and 19.63 and
1.22 m s and 25.69° for the two algorithm products, respectively) [10].

The radiometer and altimeter wind products were also evaluated, as shown in the
Supplementary Material. RMSEs of the CFOSAT wind speed of 1.32 m s and direction
of 33.61° were obtained and the values dropped to 1.16 m s and 30.41°, respectively,
after excluding rain contamination in the offshore area (Table 1). These results are highly
consistent with those of preliminary evaluation studies [17,18]. Strictly speaking, the
performance comparison of different wind products is related to the method of valida-
tion, the strictness of quality control, the magnitude of wind speed and product version.
In general, the performance of the CFOSAT wind data is equal to that of the QuikSCAT,
ASCAT, OSCAT, HY-2A, HY-2B, ISS-RapidScat, WindSat, SSMIS series, AMSR series,
Sentinel-3 and Jason-3 wind products.

4.2. The Impact of Land and Rain Contamination on Wind Retrievals

A number of elements, such as rain, wind variability, chaotic sea state and land/ice
contamination have large impact on the quality of satellite wind retrievals [33]. The wind
retrievals from CFOSAT were fully evaluated on the basis of measurements observed
from 217 buoys during the first two years of the satellite.

In the near shore, RMSEs of 1.63 m s for wind speeds and 36.97° for directions were
collected, which dropped considerably to 1.32 m s and 33.61°offshore. Similarly, the
biases for wind speeds and directions offshore were lower than those near shore (-0.01
compared with 0.33 m s and 1.36° compared with 2.57°). Notably, this difference is due
to the effect of land on radar backscattering [8]. Higher bias and RMSE in the near shore
than in the offshore were also reported in the QuikSCAT and HY-2A retrievals [5,8,34].
Additionally, when the land flag was used, the RMSEs of wind speeds and directions
decreased to 1.29 m s! and 30.81°, respectively. These values are close to those found in
the offshore region, which indicates a good performance of the land flag.

The poorer performance on the coast of China is largely due to the buoy sites being
closer to the shore than on the US coast (Table 2). Similar outcomes were obtained by
comparing the HY-2A wind speeds with in situ measurements on the coast of China [26].
The researcher found that the RMSE steadily decreased from 2.31 m s in the area 7 km
away from the shore to less than 1.0 m s as the buoy was farther away from the shore
[24].

Raindrops have a substantial impact on scatterometer wind retrievals. In the off-
shore area, approximately 9% of collocations are flagged by rain, which was equal to
that of approximately 10% in HY-2A [9,32] and higher than that of approximately 5% in
HY-2A, HY-2B and OSCAT?2 in another study [11]. During the present study, signifi-
cantly increased errors of wind speed and direction were found under rainy conditions
(Figures 3 and 4 and Table 1). The error was greatly increased at all in situ wind speeds
except for in situ wind speeds >17 m s-! (Figure 5). Similar effects of rain contamination
were reported for the QuikSCAT and HY-2 scatterometers [5,9,12,35]. It should be noted
that under rain effects, the RMSE is larger and r is lower offshore than near the shore
(Table 1). This is an interesting phenomenon that might imply an interaction between
rain and land.

4.3. Effects of Atmospheric and Oceanic Environment

The r values between the wind residuals and various buoy parameters were calcu-
lated to examine the impact factors on the CFOSAT wind retrievals (Figure 8). Although
the r value was very small for all parameters, the residual is significantly correlated with
most parameters.
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Figure 8. Scatter plots for wind speed and direction (wind speed higher than 6 m s') residuals with
SWH (a,b), air-sea temperature difference (c,d), SST (e,f) and atmospheric pressure (g h). Black
squares, red triangles and green diamonds represent bias, STD and RMSE, respectively. The bold
black lines indicate the least-squares linear regression. The star superscript indicates statistical
significance at the 99% level.

4.3.1. SWH

The CFOSAT wind speed is slightly underestimated for SWHs less than 2 m and
overestimated for SWHs greater than 3 m (Figure 8a). Under all conditions, the bias of
wind direction was slightly overestimated and it increased as the SWH increased (Figure
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8b). The STD and RMSE of wind speed increased slowly, while the STD and RMSE of
wind direction decreased sharply as the SWH increased. The SWH was positively corre-
lated with the wind residuals. Past findings demonstrated that SWH had a large impact
on wind speed retrievals [36-38]. A positive relationship between wind speed residual
and SWH was found in the scatterometer and altimeter retrievals [37-39]. After consid-
ering the effect of SWH on altimeter wind speed retrieval, RMSE and r were improved
[38]. In conclusion, SWH can be used as a parameter to improve the CFOSAT retrievals.

4.3.2. Air-Sea Temperature Difference

A positive wind speed bias of more than 0.26 m s for air-sea temperature differ-
ences less than 2 °C was observed (Figure 8c). A negative (positive) correlation between
the air-sea temperature difference and residual wind speed (direction) was observed
(Figure 8d). Similar negative correlations were reported for QuikSCAT [4,6], ASCAT and
Advanced Synthetic Aperture Radar (ASAR) [37,39] and jointly-calibrated altimeter data
[38]. The r value is slightly smaller than that in ASCAT and ASAR and higher than that
in the jointly-calibrated altimeter product.

4.3.3.SST

There is an overestimation of wind speed (0.10 m s) for SSTs lower than 19 °C and
an underestimation of approximately 0.06 m s-! for SSTs higher than 19 °C (Figure 8e). A
small negative correlation of —0.015 for all data was obtained, which was also reported in
previous studies [4,38,39]. An obvious break of wind speed residuals was obtained at the
bins of 19 °C. Two higher positive correlations could be observed when the data were
divided into >19 °C and <19 °C parts. In the Indian Ocean, there was no substantial asso-
ciation between wind residuals and SSTs, which might be attributable to the small SST
range (24-32 °C) [6]. The impacts of SST on the Ku-band radar backscatter can be re-
moved using a new NSCAT-5 geophysical model function [40]. The wind direction bias
was overestimated for SSTs higher than 5 °C and large RMSEs and STDs were observed
at high SSTs (>30 °C) (Figure 8f).

4.3.4. Atmospheric Pressure

The CFOSAT wind speed was overestimated by 0.7 m s for atmospheric pressure
<1000 hPa and slightly underestimated for atmospheric pressure >1015 hPa (Figure 8g).
The negative correlation of —0.07 is consistent with previous studies [37,39]. The bias of
wind direction was positive under all conditions and gradually decreased with increas-
ing atmospheric pressure (Figure 8h).

4.3.5. Ocean Currents

The winds retrieved by scatterometers denote the wind speed relative to the ocean
surface [41,42]. Thus, the satellite wind speed should be weaker than the in situ wind
speed when the ocean surface current is in the same direction as the wind direction and
should be stronger when the currents oppose the wind direction. Previous studies [42,43]
proved the effects of ocean surface currents on wind retrievals from the QuikSCAT scat-
terometer. In the Bay of Bengal, Sharma et al. [44] found that the impact of ocean cur-
rents is much greater on wind speed retrieved by altimeters (AltiKa) than on wind speed
retrieved by scatterometers (ASCAT and Indian Space Research Organizations Scat-
terometer Mission (SCATSAT)).

To examine the effect of ocean surface currents on the CFOSAT wind retrievals, the
ocean near-surface current vectors from the RAMA, PIRATA and Ocean Climate Station
buoys were used to obtain collocations. A total of 6280 collocations were obtained with a
spatial difference of 0.25° and a time difference of 30 min under rain-free conditions.
Previous studies assumed that only the component of the current vector in the direction
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of the wind contributed to the wind residual [44,45]. Therefore, the effective ocean sur-
face current (up) was computed as follows:

U, = |Ug|cos (85 — 9buoy—wind)

where | U. | is the absolute value of ocean surface currents, 6s is the current direction
and Obuoy - wind is the in situ wind direction.

A small negative correction between wind speed residuals and up was obvious
(Figure 9), indicating that the CFOSAT wind exceeds the in situ measurement under the
condition of an opposite current. The r was —0.15, which is similar to that found by
ASCAT, QuikSCAT and SCATSAT and less than that of European Remote Sensing Sat-
ellite (ERS) and AltiKa [44—46]. Under high ocean current velocity conditions (>0.5 m s,
red circles in Figure 9), the value of r was enhanced to —0.33, which indicates that surface
currents have a great impact on wind retrieval over strong ocean currents. The slopes
were —0.94 and —0.93. These values are similar to the slope observed by QuikSCAT [45]
and lower than the slope observed by AltiKa [44]. Due to the vertical shear between the
Ekman currents and the geostrophic currents, the currents measured at 12 m and below
are different from the ocean surface currents.
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Figure 9. Scatter plot of CFOSAT wind speed differences against the effective current speed (up) in
all conditions (all circles) and ocean surface currents greater than 0.5 m s (red circles). The star
superscript denotes statistical significance at the 99% level.

4.4. Wind Performance during the Passage of Tropical Cyclone

Tropical cyclones (TCs) have a large impact on human lives and property. There is a
strong need to measure surface wind speeds during TCs and predict TC intensities. Sea
surface wind vectors retrieved by satellite scatterometers, such as QuikSCAT, RADAR-
SAT-2, ASCAT, HY-2A, HY-2B and OSCAT, have been used for TC forecasts, modeling
and structure studies [47-50].

To evaluate the performance of CFOSAT wind retrievals under the passage of TCs,
half hourly TC track locations from the Cooperative Institute for Meteorological Satellite
Studies (http://cimss.ssec.wisc.edu/, 1 March 2021) were used to obtain collocations.
Simply assuming a TC affect radius of 303 km (global median value of TC radius where
wind speed higher than 12 m s-') and an affect time of 24 h [51], 1085 collocations for the
wind speed and 994 matchups for the wind direction were obtained with a spatial dif-
ference of 0.25° and a time difference of 30 min. All collocations were located in the off-
shore regions. Approximately 26% of them were under rainy conditions, which was ap-
proximately three times higher than the percentage of collocations offshore under all
weather conditions (approximately 9%). The collocations resulted in a wind speed bias of
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0.29 m s and an RMSE of 2.11 m s (Figure 10), which were much higher than those of —
0.01 m s! and 1.32 m s, respectively, under all weather conditions in the offshore area
(Figure 2 and Table 1). One may argue that the poor performance was most likely due to
rain contamination during TC passage [52]. However, the bias (0.20 compared with -0.04
m s1) and RMSE (1.48 compared with 1.16 m s') performances were also poor under
rain-free conditions. Therefore, this might be due to the large RMSE at high wind speeds
[49,53] and the reduction in the maximum wind speed due to spatial averaging [52]. For
wind direction, the bias was small and the RMSE decreased from 23.88° under all
weather conditions to 20.17° after rain was excluded (Figure 10). The good performance
of wind direction may be attributed to the mean wind speed of 9.39 m s during TC
passage being much higher than that of 6.56 m s under all weather conditions because
the RMSE is very small at wind speeds >7 m s (Figure 5).
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Figure 10. Scatter plots of collocations for wind speeds (a) and directions (b) under the impact of
tropical cyclones.

The large wind speed RMSE during the passage of TCs is generally consistent with
the findings of Chou et al. [53,54]. Although the absolute value of wind speed RMSE is
less than that obtained in Chou et al. [54], the relative value (16%) is almost equivalent to
that obtained by Chou et al. [54]. Likewise, the value of wind direction RMSE is almost
equivalent to that obtained by Chou et al. [54] and much lower than that obtained by
Chou et al. [53]. The large RMSE for wind direction described by Chou et al. [53] was
mainly due to the sampling conducted around the TC eye area.

5. Conclusions

This study comprehensively evaluated the CFOSAT wind retrievals from December
2018 to December 2020 by comparing them with in situ measurements from 217 buoys.
Approximately 300,000 collocations were obtained within the spatial and temporal sep-
arations and were limited to less than 0.25° and 30 min. The results reveal that the over-
all biases and RMSEs of wind speed are 0.06 m s and 1.39 m s and those of wind di-
rection are 1.61° and 34.32°, respectively. The bias and RMSE in the near shore were in-
creased to 0.33 m s and 1.63 m s for wind speed and 2.57° and 36.97° for wind direc-
tion, respectively. After the rain flag was used, the values changed to 0.28 m s and 1.42
m s and 2.67° and 33.43°, respectively. In the offshore, the bias and RMSE were -0.01 m
st and 1.32 m s and 1.36° and 33.61° for wind speed and wind direction, respectively.
Under rain-free conditions, the values decreased to —0.04 m s-! and 1.16 m s! and 1.50°
and 30.41°. In particular, the RMSE of wind directions decreased to 19.69° at wind
speeds greater than 4 m s™'. In summary, the performance of the CFOSAT wind retriev-
als is approximately equal to most commonly used wind products.

The errors in nearshore buoys were larger than those offshore and larger errors
were observed along the coast of China. This reduced accuracy was primarily due to
land contamination and the high variability of coastal winds. Similarly, rain influence



Remote Sens. 2021, 13, 1926

17 of 19

References

resulted in low accuracy and high positive bias, suggesting that rain has a significant
negative impact on the CFOSAT wind retrievals. Under rain conditions, the errors off-
shore are greater than those near the shore, indicating an interaction of rain and land.

The effects of atmospheric and oceanic factors on wind vectors were investigated
using in situ measurements. The results showed that the accuracy of CFOSAT wind re-
trievals is significantly affected by the SWH, air-sea temperature difference and sea sur-
face currents. The impacts of SST and atmospheric pressure are small. These results are
consistent with those for other satellites.

During the impact of TCs, a larger bias and RMSE of wind speeds and a lower bias
and RMSE of wind directions were observed. The poorer performance of wind speed is
mainly due to large errors in high wind speeds and the reduction in the maximum wind
speed due to spatial averaging, while the better performance of wind direction might be
due to smaller errors in high wind speeds during TC passage.

In summary, the accuracies of the CFOSAT wind retrievals meet the general scat-
terometer mission requirements. The present study indicates that the accuracies of the
CFOSAT retrieval L2B wind product are reliable enough to be used in meteorology,
oceanography and climate studies in combination with other satellite products.
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