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Abstract:



The International Space Station scatterometer (named ISS-RapidScat) was launched by NASA on 20 September 2014 as a continuation of the QuikSCAT climate data record to maintain the availability of Ku-band scatterometer data after the QuikSCAT missions ended. In this study, the overall archived ISS-RapidScat wind vectors in the wind speed range of 0–24 m/s are evaluated by the global moored buoys’ wind observations, including the U.S. National Data Buoy Center (NDBC), the Tropical Atmosphere Ocean (TAO), and the Pilot Research Moored Array in the Tropical Atlantic (PIRATA), the Research Moored Array for African–Asian–Australian Monsoon Analysis and Prediction (RAMA), and Advanced Scatterometer (ASCAT) wind data in the same period of ISS-RapidScat by calculating the statistical parameters, namely, the root mean square error (RMSE), bias (mean of residuals), and correlation coefficient (R) between the collocated data. The comparisons with the global moored buoys show that the RapidScat wind vectors are consistent with buoys’ wind measurements. The average errors of the RapidScat wind vectors are 1.42 m/s and 19.5°. The analysis of the RapidScat wind vector errors at different buoy wind speeds in bins of 1 m/s indicates that the errors of the RapidScat wind speed reduce firstly, and then increase with the increasing buoy wind speed, and the errors of the RapidScat wind direction decrease with increasing buoy wind speed. The comparisons of the errors of the RapidScat wind speed and direction at different months from April 2015 to August 2016 show that the accuracies of the RapidScat wind vectors have no dependence on the time, and the biases of the RapidScat wind speed indicate that there is an annual periodic signal of wind speed errors which are due to the annual cycle variation of ocean winds. The accuracies of the RapidScat wind vectors at different times in one day are also analyzed and the results show that the accuracy of the RapidScat wind vectors at different times of the day is basically consistent and with no diurnal variation. In order to evaluate the ISS-RapidScat wind vectors of the global oceans, the differences (RapidScat-ASCAT) in the wind speed range of 0–30 m/s are analyzed in the different months from October 2014 to August 2016, and the average RMSEs of differences between ISS-RapidScat and ASCAT wind vectors are less than 1.15 m/s and 15.21°. In general, the evaluation of the all-over archived ISS-RapidScat wind vectors show that the accuracies of the ISS-RapidScat wind vectors satisfy the general scatterometer’s mission requirement and are consistent with ASCAT wind data.
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1. Introduction


Oceans, which cover about 70% of the Earth’s surface area, are a regulator of the Earth’s system and a major factor affecting the global climate system. Ocean surface wind vectors are an important parameter of physical oceanography and occupy an important position in the ocean and climate model. Ocean surface wind is one of the important factors that influences the generation and movement of the ocean waves, ocean currents, and water masses. Ocean surface wind is directly related to almost all seawater movements, from small-scale ocean waves to large-scale ocean currents. Going back to the 1970s, spaceborne radar scatterometry has been used to measure ocean surface winds [1,2]. The SeaSat-A satellite, which was equipped with the first spaceborne scatterometer—SASS—was launched in 1978, and the SASS is a Ku-band scatterometer with the spatial resolution of 50 km and a swath of 1000 km. A large number of scatterometers have appeared since SASS. The European Space Agency’s European Remote Sensing satellites (ERS-1 and ERS-2), launched in 1991 and 1995, carried the Active Microwave Instrument (AMI), which worked in the C-band and had the same spatial resolution and swath as SASS. The Advanced Earth Observing Satellite 1 (ADEOS-I), which was equipped with the National Aeronautics and Space Administration (NASA) Scatterometer (NSCAT), had a spatial resolution of 50 km and the swath of 600 km, and was launched by the National Space Development Agency of Japan in 1996. After the end of ADEOS-I in 1997 after the satellite sustained structural damage to the solar panel array, its successor, ADEOS-II, equipped with the Seawinds instrument, which had a spatial resolution of 25 km and the swath of 1800 km, was launched in 2002. In addition, the Seawinds instrument on the QuikSCAT satellite was launched by NASA in 1999, which had a spatial resolution of 25 km and a swath of 1800 km. QuikSCAT was the longest-lived scatterometer satellite which ended in 2009. The MetOp-A and MetOp-B polar orbiting meteorological satellites developed by the European Space Agency, and operated by the European Organization for the Exploitation of Meteorological Satellites (EUMETSAT), were launched in 2006 and 2012, which employed the Advanced Scatterometer (ASCAT) with a 25 km spatial resolution and two swaths of 550 km. The Oceansat-2 satellite, launched by India in 2009, employed a scatterometer with a spatial resolution of 50 km and a swath of 1400–1840 km. China’s first ocean dynamic environment monitoring satellite—HY-2A—launched in 2011, also employed a radar scatterometer which worked in the Ku-band with a spatial resolution of 25 km and a swath of 1700 km. The basic information of the previous and on-going scatterometers is given in Table 1.


Table 1. The basic information of previous and on-going scatterometer missions.





	Sensor/Mission
	Frequency
	Launch Time (UTC)
	Spatial Resolution
	Swath
	Design Accuracy





	SASS/SeaSat-A
	14.6 GHz
	27 June 1978
	50 km
	1000 km
	2 m/s and 20°



	AMI/ERS-1&2
	5.3 GHz
	17 July 1991

21 April 1995
	50 km
	500 km
	2 m/s and 20°



	NSCAT/ADEOS-1
	14.0 GHz
	17 August 1996
	50 km
	600 km
	2 m/s and 20°



	SeaWinds/ADEOS-II
	13.4 GHz
	14 December 2002
	25 km
	1800 km
	2 m/s and 20°



	SeaWinds/QuikSCAT
	13.4 GHz
	19 June 1999
	25 km
	1800 km
	2 m/s and 20°



	ASCAT/Metop-A&B
	5.3 GHz
	A: 19 October 2006

B: 17 September 2012
	25 km
	2 × 550 km
	2 m/s and 20°



	Oscat/OCEANSAT-2
	13.5 GHz
	23 September 2009
	50 km
	1400–1840 km
	2 m/s and 20°



	HSCAT/HY-2A
	13.3 GHz
	16 August 2011
	25 km
	1350–1700 km
	2 m/s and 20°



	RapidScat/ISS
	13.4 GHz
	20 September 2014
	12.5 km
	900–1100 km
	2 m/s and 20°









To maintain the availability of Ku-band scatterometer data after the ADEOS-II and QuikSCAT missions ended, NASA developed a new scatterometer for the International Space Station (named ISS-RapidScat) using a combination of spare SeaWinds subsystems and a new, low-cost subsystem having mostly commercial-grade parts [3]. The ISS-RapidScat mission was launched on 20 September 2014 with the primary goal of measuring ocean surface wind vectors at a 10 m reference height as a continuation of the QuikSCAT climate data record in support of fundamental scientific research of Earth’s weather, oceans, and coupled climate system. After successfully being mounted and properly calibrated on the ISS, the ISS-RapidScat instrument began providing wind vector measurements on 3 October 2014. ISS-RapidScat is in a unique position to provide the asynchronous ocean surface wind measurements with respect to the solar day cycle of the Earth; thus, the ISS-RapidScat had the unique capability (in contrast to all other space-borne scatterometers) of observing diurnal and semi-diurnal variability over seasonal time scales. The ISS-RapidScat stopped working due to an instrument power failure on 19 August 2016.



It is well known that the evaluation of scatterometer wind retrievals is fundamental in data improvements and applications. Especially, climate data records (CDRs) for global change study require long time series multi-source satellite scatterometer ocean surface wind data with consistency and high accuracy. Thus, data assessments of satellite scatterometer ocean surface wind vectors are necessary. Many validation and evaluation studies have been carried out for the past and present satellite scatterometers. Freilich [4] compared the NASA Scatterometer (NSCAT1) wind vectors with operational U.S. National Data Buoy Center (NDBC) buoy wind data using a vector correction statistic method, and the results showed that the standard deviations of wind speed and direction are 1.3 m/s and 18°. Quilfen [5] referenced NDBC buoy winds and the European Center for Medium Range Weather Forecasting (ECMWF) analysis winds to evaluate ERS scatterometer ocean wind measurements via a triple collocation analysis and found that the ERS scatterometer and NSCAT measurement accuracies were comparable. Wind vectors observed by the QuikSCAT/SeaWinds satellite are validated by comparing with wind buoy observations operated by the NDBC, the Tropical Atmosphere Ocean (TAO), and the Pilot Research Moored Array in the Tropical Atlantic (PIRATA) projects, and the Japan Meteorological Agency (JMA). The comparisons show that the wind speeds and directions observed by QuikSCAT/SeaWinds agree well with the buoy data and the root mean square differences of the wind speed and direction for the QuikSCAT/SeaWinds wind data products are 1.01 m/s and 23° [6]. Bentamy [7] compared the ASCAT wind retrievals with moored buoys, and the comparisons indicate that the ASCAT wind speeds and directions agree well with buoy data and the root mean square differences of the wind speed and direction are less than 1.72 m/s and 18°. Oceansat-2 scatterometer wind vectors were compared with in situ observations made by the Research Moored Array for African–Asian–Australian Monsoon Analysis and Prediction (RAMA) and the Triangle Trans-Ocean Buoy Network (TRITON) buoys in the Indian Ocean and the Pacific Ocean, and the root mean square deviation for wind speed and direction are 1.71–1.92 m/s and 44.61°–51.38°, respectively [8]. HY-2A scatterometer wind data were compared with NDBC and TAO buoys, and ASCAT and National Centers for Environmental Prediction (NCEP) wind data [9]. For the evaluation of ISS-RapidScat wind data, three RapidScat along-track wind data (Level 2B) products during October 2014–March 2015, obtained from the Jet Propulsion Laboratory (JPL)/NASA and the Royal Netherlands Meteorological Institute (KNMI), were compared with NDBC buoy wind data by the spatial and temporal separations of 12.5 km and 10 min. The comparisons showed that the RMSs of ISS-RapidScat wind speed and direction were 0.96–1.16 m/s and 19.4°–25.6°, respectively [10]. Verhoef validated the EUMETSAT Ocean and Sea Ice Satellite Application Facility (OSI SAF) RapidScat 25 km and 50 km wind products on 25–26 January 2015 and from November 2014 to January 2015 by being compared with ECMWF and buoy wind data, respectively [11]. The ECMWF comparison results showed the remote sensing wind speed bias, u, and v standard deviations were 0.11 m/s, 1.29 m/s, and 1.25 m/s. The buoy comparison results showed that the remote sensing wind speed bias, u, and v standard deviations were 0.07 m/s, 1.61 m/s, and 1.72 m/s.



The non-sun-synchronous orbit of the ISS gives different overpass times for each day and ocean surface wind vectors for a given location at different times of the day can be obtained. This will help to better understand the diurnal wind cycle. The 12.5 km ocean surface wind vectors from October 2014 to August 2016 were developed by JPL. In this study, overall historical archived ISS-RapidScat ocean surface wind data from 3 October 2014 to 19 August 2016 are evaluated by the global distribution moored buoys and ASCAT employed in Metop-A and Metop-B satellite wind data. The accuracies of ISS-RapidScat wind vectors over different oceans and in the different range of wind speed are given in this paper. The data and methods used in this study are described in Section 2, the results of this study are presented and discussed in Section 3, and the main findings from this study are concluded in Section 4.




2. Data and Methods


2.1. Data


Three types of wind data are used in this study, which are briefly described below.



2.1.1. ISS-RapidScat Wind Vectors


To evaluate the data quality of ISS-RapidScat wind vectors, overall archived data of ISS-RapidScat wind vectors produced and distributed by JPL are used in this study. ISS-RapidScat wind vectors include two parts, which are the Level 2B 12.5 km version 1.1 ocean surface wind vectors from 3 October 2014 to 19 August 2015 and Level 2B 12.5 km version 1.2 ocean surface wind vectors from 20 August 2015 to 19 August 2016. The Level 2B wind vectors are binned on a 12.5 km wind vector cell (WVC) grid and processed using the Level 2A Sigma-0 dataset. The wind retrieval algorithm of the ISS-RapidScat is the same as that used to process the QuikSCAT version 3 wind product [12]. This wind retrieval processing is performed in three steps. First, a point-wise maximum likelihood estimate of the wind speed and direction is computed, resulting in multiple ambiguous solutions. Next, a median filter is used to select the best ambiguity. Finally, directional interval retrieval (DIR) processing is performed, which allows the retrieved wind direction to vary within a region of high likelihood about the selected ambiguity [13]. In addition, a neural network approach is implemented to correct rain-contaminated winds speed [14]. Quality control of RapidScat wind vectors is according to the data quality flag bits in the data files, which include a rain flag, a high wind speed flag, a low wind speed flag, an ice edge flag, a coastal flag, an available data flag, and so on [13]. Only the data which satisfies good data conditions are selected. The operating frequency of the ISS-RapidScat is the Ku-band and the swath width is 900–1100 km. ISS-RapidScat with a low inclination angle is not in a sun-synchronous orbit, which restricts the data spatial coverage to the tropics and mid-latitude regions, and the extent of latitudinal coverage stretches from approximately 56°N to 56°S. Furthermore, there is no consistent local time of day retrieval.




2.1.2. Wind Observations by Moored Buoys


Wind observation data during the same period of ISS-RapidScat wind vectors obtained by 83 moored buoys from NDBC, 62 moored buoys from TAO/TRITON, 14 moored buoys from PIRATA, and 12 moored buoys from RAMA are used in this study. Buoy winds are looked as the true wind. Only buoys more than 50 km away from lands and islands are selected and buoy winds are regarded to be consistent in the area of ISS-RapidSCAT wind vector cells. The locations of these buoys are shown in Figure 1. The buoy winds are measured hourly by averaging the wind speed and direction over 10 min. Four sets of buoy winds are measured by different instruments with different accuracies at different heights from the ocean surface. The estimated accuracies of buoy wind speed and direction are 0.3 m/s and 2° [15]. The percentage of the number of observations by four sets of buoys is shown in Figure 2, and it can be seen that most buoy wind speeds are smaller than 12 m/s. In order to make the buoy data comparable with ISS-RapidScat, all of the buoy winds were converted to 10-m neutral winds using the LKB model [16,17,18]. For the quality control of buoy data, monthly time series are constructed and used to perform a basic quality check on the buoy data. This quality check procedure only keeps values within an acceptable physical range, and removes outliers by looking at the deviation from the mean of each monthly data record and from the deviation from one hourly value to the next [19].


Figure 1. Locations of the National Data Buoy Center (NDBC), Tropical Atmosphere Ocean (TAO), Pilot Research Moored Array (PIRATA), and Research Moored Array for African-Asian-Australian Monsoon (RAMA) moored buoys.
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Figure 2. Percentage of the number of observations by the NDBC, TAO, PIRATA, and RAMA moored buoys.
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2.1.3. The Advanced Scatterometer Wind Data


The Advanced Scatterometer on the MetOp-A and MetOp-B Level 25 km ocean surface wind vector products during the same period of ISS-RapidScat data are used in this study. These data were produced by KNMI in the Ocean and Sea Ice Satellite Application Facility European Organization for the Exploitation of Meteorological Satellites projects. The validation of ASCAT wind data showed that the wind speed bias was between −0.3 and 0.3 m/s at different times and the average standard deviation of zonal and meridional wind component of 25 km ASCAT winds versus buoy winds was less than 1.6 m/s [20]. The data quality control of ASCAT wind data is according to the variable ‘wvc_quality_flag’ in the NetCDF data files [21].





2.2. Methods


2.2.1. Data Collocation


ISS-RapidScat wind vectors were collocated with global moored buoy wind data and ASCAT wind data to evaluate data accuracy. The spatial resolution of ISS-RapidScat wind vectors is 12.5 km, and the time interval of the NDBC, PIRATA, RAMA, and TAO buoy wind observations are 10 min. All of these moored buoys’ wind data are collocated to the nearest ISS-RapidScat wind vector cell of less than 12.5 km and time spans less than 10 min. There are 171 global moored buoys’ wind data used in the evaluation of ISS-RapidScat wind vectors.



ISS-RapidScat wind vectors are also collocated with ASCAT wind data to evaluate data accuracy during the whole data period of ISS-RapidScat wind data by a time span of less than 3 min and a distance of less than 12.5 km. Even if ASCAT has a consistent local observation time, because there is no consistent local time of day retrieval of ISS-RapidScat wind vectors, the collocated ISS-RapidScat and ASCAT wind vector cells are distributed on the global oceans as shown in the Figure 3. The number of collocated data pairs is 8,320,044.


Figure 3. The number distribution of RapidScat and The Advanced Scatterometer (ASCAT) collocated data pairs.
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2.2.2. Statistical Methods


Statistical parameters namely root mean square error (RMSE), Bias (mean of residuals) and correlation coefficient (R) are computed and presented to evaluate the accuracy of ISS-RapidScat wind vectors. These parameters are given by
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(1)
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(2)
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(3)





In order to overcome the difficulty due to the discontinuity between 0° and 360°, statistical parameters of wind direction are modified as follows:
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(4)
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(5)
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(6)




where spd and dir denote the wind speed and direction of the collocated data between RapidScat and buoys or ASCAT. The subscript SCAT represents ISS-RapidScat and the subscript 0 represents buoys or ASCAT. The ‘< >’ represents the statistical average [22].






3. Results and Discussions


3.1. Comparison with Moored Buoys


The overall historical archived ISS-RapidScat Level 2B 12.5 km ocean surface wind vectors during the period from 3 October 2014 to 19 August 2016 are compared with global moored buoys’ wind data. Data pairs totaling 12,578 from 83 NDBC buoys, 1092 from 14 PIRATA buoys, 899 from 12 RAMA buoys, and 5603 from 62 TAO buoys are collocated by the method introduced in Section 2. The scatter diagrams of comparisons of wind speed and direction are shown in Figure 4. In general, buoys’ wind speeds were overestimated slightly by RapidScat for all wind speed ranges. Their wind directions are consistent for all different directions.


Figure 4. Scatterplots for wind speed and direction of the comparisons between RapidScat and moored buoys. (a) NDBC wind speed; (b) NDBC wind direction; (c) PIRATA wind speed; (d) PIRATA wind direction; (e) RAMA wind speed; (f) RAMA wind direction; (g) TAO wind speed; (h) TAO wind direction.
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The statistical parameters of errors between RapidScat and buoys are given in Table 2. The biases and RMSEs of RapidScat wind speeds compared with different buoys are between 0.38 and 0.68 m/s and 1.35 and 1.76 m/s, and the biases and RMSEs of RapidScat wind directions compared with different buoys are 0.31°–1.41° and 17.4°–19.8°. The overall average biases and RMSEs are 0.59 m/s and 1.42 m/s for wind speed, and 0.72° and 19.5° for wind direction, respectively. The correlation coefficients are also shown to be consistent between RapidScat wind vectors and buoy wind data.


Table 2. The error statistics of the comparison between the RapidScat and buoy wind data.





	
Buoy

	
Buoy Wind Speed

	
Number of Collocation

	
Wind Speed

	
Wind Direction




	
Bias (m/s)

	
RMSE (m/s)

	
R

	
Bias (°)

	
RMSE (°)

	
R






	
NDBC

	
0–24 m/s

	
12,578

	
0.56

	
1.38

	
0.93

	
0.44

	
19.8

	
0.78




	
PIRATA

	
0–20 m/s

	
1092

	
0.38

	
1.35

	
0.82

	
0.64

	
17.4

	
0.79




	
RAMA

	
0–20 m/s

	
899

	
0.63

	
1.76

	
0.86

	
0.31

	
19.7

	
0.82




	
TAO

	
0–15 m/s

	
5603

	
0.68

	
1.47

	
0.84

	
1.41

	
19.2

	
0.66




	
ALL

	
0–24 m/s

	
20,131

	
0.59

	
1.42

	
0.91

	
0.72

	
19.5

	
0.79










In order to analyze the errors of RapidScat wind vectors at different wind speeds, the biases and RMSEs between RapidScat and buoy wind data are calculated in bins of buoy wind speeds of 1 m/s, and the wind speed and direction residuals (RapidScat-buoy) are also analyzed in bins of buoy wind speeds of 1 m/s. The results are shown in Figure 5. The error bars indicate the bias and the RMSE.


Figure 5. Dependence of statistical parameters and wind speed and direction residuals (RapidScat-buoy) on the buoy wind speed.
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It is shown in Figure 5 that the wind speed residuals for four sets of buoys decrease with the increasing buoys wind speed and the biases of RapidScat wind speed are basically larger than 0. This also means that RapidScat overestimates the wind. The RMSEs of RapidScat wind speed decreases firstly when buoy wind speeds are less than 12–13 m/s, and then increases with the increasing buoy wind speed. The biases of the RapidScat wind direction are also close to 0 and there is the obvious trend that the RMSEs of the RapidScat wind direction decreases with the increasing buoy wind speed. The errors of the RapidScat wind vectors at different months from April 2015 to August 2016 are also analyzed, which are shown in Figure 6. The comparisons of RMSEs of the RapidScat wind speed and direction at different months show that there is no dependence on the time regarding the accuracy of the RapidScat wind vectors and the accuracies are consistent during the entire period. The biases of the RapidScat wind speed at different months shows that there is an annual periodic signal regarding the RapidSCAT wind speed errors, as shown in Figure 6, especially for NDBC and PIRATA buoys. The operating mechanism of a scatterometer makes the errors of the retrieved winds have no dependence on the time. The possible reasons for these results are the annual cycle variation of ocean winds causing the annual error variations of buoy wind observations. This means that the accuracy of in situ observations of ocean surface wind vectors depends on the magnitude of the wind speed. There is no same signal regarding the biases of the RapidScat wind direction because the accuracies of the wind direction depend mainly on the magnitude of the wind speed.


Figure 6. Errors of RapidScat wind vectors in different months from April 2015 to August 2016 for NDBC, PIRATA, RAMA, and TAO buoys.
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RapidScat can observe the same place at different times of the day, so the accuracies of RapidScat wind vectors at different times in one day are also analyzed, as shown in Figure 7, by counting the errors at the same time of different days. The comparisons of RapidScat ocean surface wind speed and direction errors at different times in a day for all buoys show that there is no obvious difference regarding the errors at different times of the day even if the average buoy wind speed at different times varied largely (shown in the third line of Figure 7), especially for the comparisons with the NDBC and TAO buoys. The analyses of less collocated data of the PIRATA and RAMA buoys show a slight fluctuation with no periodic and trend variability in the errors of wind speed and direction. Therefore, the accuracy of the RapidScat wind vectors at different times of the day is basically consistent and with no diurnal variation.


Figure 7. Errors of RapidScat wind vectors at different times of the day for NDBC, PIRATA, RAMA, and TAO buoys.
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To understand the abundance of the collocated data for an entire possible range of ocean surface wind, probability distribution functions (PDFs) of the collocated data are plotted for wind speed and direction as shown in Figure 8, and the Weibull parameters of wind speed [23] in the distributions of the collocated data are also given in Figure 8. The distribution behavior of PDFs of RapidScat and buoys for wind speed and direction imply the similar characteristics of RapidScat wind vectors and buoy observations. The wind speed histograms of RapidScat and buoys at speeds less than 15 m/s have a slight offset, which indicates that the RapidScat wind speed is slightly larger than the buoy wind speed; that is, RapidScat overestimates the buoy wind. This has been proven in the above analysis. The Weibull shape parameters of four sets of buoys and RapidScat wind speeds are similar and this shows the consistency of the collocated data. The differences of the Weibull scale parameters show that RapidScat overestimates buoy wind speeds.


Figure 8. PDFs of RapidScat and buoy wind speeds and directions in the bin of 1 m/s and 10°.
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3.2. Comparison with Advanced Scatterometer Wind Vectors


Although buoy wind data are the most commonly used data to evaluate scatterometer wind vectors, the spatial distribution of buoys on the global oceans is sparse and spatially irregular, especially for the high-latitude areas. In order to evaluate RapidScat wind vectors on the global oceans with no buoy wind observations, they are compared with ASCAT wind vectors in the same period. The collocated data pairs of RapidScat and ASCAT wind vectors by the method introduced in Section 2 are more than 8 million and they are distribute all over the global oceans between 56°N and 56°S, as shown in Figure 3.



The differences (RapidScat-ASCAT) are analyzed through the statistical parameters, including bias, RMSE, and R, introduced in Section 2 at the different months from October 2014 to August 2016, respectively. The scatterplots of comparisons in typical months, including December 2014 of the minimal wind speed RMSE, and June 2016 of the maximal wind speed RMSE, are shown in Figure 9. The ASCAT wind data less than 3 m/s during June 2016 are absent in the original data. RapidScat wind vectors feature the wind speed being larger than that of ASCAT when it is more than 15 m/s, and the possible reason is that their working microwave frequencies are different and their response to the high wind speeds are different. Scatterplots of wind direction show that there is a clear oscillation of wind direction differences and the existence of wind direction 180° ambiguities. The possible reason is that there may be systematic biases for some wind directions and not for others. The differences in different months are given in Table 3. The bias and RMSE of wind speed are between −0.02 and 0.55 m/s and 0.95 and 1.31 m/s, and those of wind direction are −1.85°–0.87° and 13.62°–17.31°. These indicate the consistency of RapidScat and ASCAT wind vectors, and they have the same accuracies of wind vectors.


Figure 9. Scatterplots for wind speed and direction of the comparisons between RapidScat and ASCAT in December 2014 and June 2016. (a) wind speed in December 2014; (b) wind direction in December 2014; (c) wind speed in June 2016; (d) wind direction in June 2016.
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Table 3. The statistics of the differences between the RapidScat and ASCAT A and B wind data.





	
Month

	
Number of Collocation

	
Wind Speed

	
Wind Direction




	
Bias (m/s)

	
RMSE (m/s)

	
R

	
Bias (°)

	
RMSE (°)

	
R






	
Oct. 2014

	
312,514

	
−0.02

	
1.04

	
0.96

	
−0.21

	
15.67

	
0.89




	
Nov. 2014

	
455,124

	
0.01

	
0.96

	
0.96

	
−0.34

	
15.53

	
0.08




	
Dec. 2014

	
583,358

	
0.03

	
0.95

	
0.96

	
0.19

	
14.14

	
0.94




	
Jan. 2015

	
184,001

	
0.06

	
1.06

	
0.96

	
−0.85

	
14.85

	
0.88




	
Feb. 2015

	
246,063

	
0.23

	
1.05

	
0.96

	
−0.58

	
13.89

	
0.93




	
Mar. 2015

	
158,950

	
0.23

	
1.04

	
0.96

	
−0.25

	
14.09

	
0.83




	
Apr. 2015

	
321,073

	
0.23

	
1.04

	
0.96

	
−0.58

	
15.86

	
0.87




	
May 2015

	
449,212

	
0.14

	
1.22

	
0.94

	
0.87

	
16.28

	
0.80




	
Jun. 2015

	
550,082

	
0.22

	
1.08

	
0.95

	
−1.14

	
15.39

	
0.87




	
Jul. 2015

	
303,726

	
0.07

	
1.12

	
0.96

	
−0.59

	
15.30

	
0.94




	
Aug. 2015

	
330,595

	
0.34

	
1.26

	
0.95

	
−0.31

	
16.15

	
0.87




	
Sep. 2015

	
267,640

	
0.42

	
1.24

	
0.95

	
−0.57

	
17.31

	
0.84




	
Oct. 2015

	
400,119

	
0.42

	
1.16

	
0.95

	
−0.36

	
14.66

	
0.93




	
Nov. 2015

	
392,022

	
0.55

	
1.21

	
0.95

	
−1.03

	
15.08

	
0.88




	
Dec. 2015

	
329,652

	
0.49

	
1.16

	
0.94

	
−0.26

	
13.62

	
0.96




	
Jan. 2016

	
519,671

	
0.51

	
1.20

	
0.95

	
−0.73

	
15.78

	
0.86




	
Feb. 2016

	
646,977

	
0.34

	
1.25

	
0.95

	
−1.71

	
15.51

	
0.83




	
Mar. 2016

	
332,428

	
0.36

	
1.24

	
0.94

	
0.87

	
16.92

	
0.92




	
Apr. 2016

	
466,392

	
0.38

	
1.28

	
0.93

	
−0.33

	
15.20

	
0.88




	
May 2016

	
373,794

	
0.41

	
1.24

	
0.94

	
0.26

	
16.47

	
0.87




	
Jun. 2016

	
409,699

	
0.22

	
1.31

	
0.93

	
0.11

	
15.37

	
0.84




	
Jul. 2016

	
155,656

	
0.32

	
1.24

	
0.94

	
−1.85

	
16.80

	
0.07




	
Aug. 2016

	
131,296

	
0.26

	
1.26

	
0.94

	
−0.80

	
14.68

	
0.70




	
ALL

	
8,320,044

	
0.27

	
1.15

	
0.95

	
−0.42

	
15.21

	
0.83










The statistical parameters of differences between RapidScat and ASCAT wind vectors at different months are shown in Figure 10. It is shown that RapidScat wind speed is slightly larger than that of ASCAT. However, RapidScat wind vectors are consistent with ASCAT at different times and there is no dependence of differences on the time at different months. This means that the RapidScat wind vectors have consistent accuracy with ASCAT wind vectors and they remain stable.


Figure 10. statistical parameters of difference between RapidScat and ASCAT wind vectors in different months from October 2014 to August 2016.
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4. Conclusions


This study comprehensively evaluates the overall historical archived ISS-RapidScat wind vectors from 3 October to 19 August 2016 by comparing with global moored buoys (in the wind speed range of 0–24 m/s) and MetOp-A/B ASCAT wind data (in the wind speed range of 0–30 m/s). A totoal of 171 global moored buoys’ wind data, including NDBC, TAO, PIRATA, and RAMA buoys, in which the wind speed range is mainly in the range of 0–12 m/s are used for the evaluation of the ISS-RapidScat wind vectors and more than 20,000 data pairs are collocated within the spatial and temporal scales of 12.5 km and 10 min. The results show that the overall average biases and RMSEs of wind speed are 0.59 m/s and 1.42 m/s, and those of wind direction are 0.72° and 19.5°. Its accuracy is roughly equal to that of QuikSCAT (1.01 m/s and 23°) [6] and ASCAT (1.72 m/s and 18°) [7]. This indicates that the consistency between RapidScat wind vectors and buoy wind data, except RapidScat, overestimates the buoys’ wind measurements slightly. The analyses of ISS-RapidScat wind vector errors in the different buoys’ wind speeds show that the errors of the RapidScat wind speed begins to reduce firstly, and then increase with the increasing buoy wind speed, and the errors of the RapidScat wind direction decreases with the increasing buoy wind speed. The comparison of errors of the RapidScat wind speed and direction at different months show that there is no dependence on the time regarding the accuracy of the RapidScat wind vectors. The biases of the RapidScat wind speed and direction at different months show that there is an annual periodic signal of wind speed errors, and there is no same signal regarding the RapidScat wind direction because the accuracies of the wind direction depend mainly on the magnitude of the wind speed. In addition, the accuracies of the RapidScat wind vectors at different times in one day are analyzed and the results show that the accuracies of the RapidScat wind vectors at different times of the day are basically consistent and with no diurnal variation.



For the evaluation of the ISS-RapidScat wind vectors on the global oceans, the differences (RapidScat-ASCAT) are analyzed at the different months from October 2014 to August 2016, and the wind speed range is mainly in the range of 3–20 m/s. More than 8 million data pairs of RapidScat and ASCAT wind data are collocated. The results show that the all-over average bias and RMSE of wind speed and direction difference are between 0.27 m/s and 1.15 m/s, and −0.42° and 15.21°, respectively. This indicates that the consistency of RapidScat and ASCAT wind vectors, and that the RapidScat wind vectors have a consistent accuracy with ASCAT wind vectors, except that RapidScat overestimates the ASCAT wind slightly when the wind speeds are larger than 20 m/s.



In general, the accuracies of the ISS-RapidScat wind vectors satisfy the general scatterometer mission requirements and are consistent with ASCAT wind data. This shows that the RapidScat wind vectors have enough accuracy to be used in the oceanic numerical forecast and in the global change study by the combination with other scatterometer data.
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