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Abstract

:

This study validated wind speed (WS) and significant wave height (SWH) retrievals from the Sentinel-3A/3B and Jason-3 altimeters for the period of data beginning 31 October 2019 (to 18 September 2019 for Jason-3) using moored buoy data and satellite Meteorological Operational Satellite Program (MetOp-A/B) Advanced Scatterometer (ASCAT) data. The spatial and temporal scales of the collocated data were 25 km and 30 min, respectively. The statistical metrics of root mean square error (RMSE), bias, correlation coefficient (R), and scatter index (SI) were used to validate the WS and SWH accuracy. Validation of WS against moored buoy data indicated errors of 1.19 m/s, 1.13 m/s and 1.29 m/s for Sentinel-3A, Sentinel-3B and Jason-3, respectively. The accuracy of Sentinel-3A/3B WS is better than that of Jason-3. All three altimeters underestimated WS slightly in comparison with the buoy data. Errors in WS at different speeds or SWHs increased slightly as WS or SWH increased. Over time, the accuracy of the Jason-3 altimeter-derived WS improved, whereas that of Sentinel-3A showed no temporal dependence. The WSs of the three altimeters were compared with ASCAT wind data for validation purposes over the global ocean without in situ measurements. On average, the WSs of the three altimeters were lower in comparison with the ASCAT data. The accuracy of the three altimeters was found to be consistent and stable at low/medium speeds but it decreased when the WS exceeded 15 m/s. Validations of SWH against buoy wave data indicated that the accuracy of Jason-3 SWH was better than that of Sentinel-3A/3B. However, the accuracy of all three altimeters decreased when the SWH exceeded 4 m. The accuracy of Sentinel-3A and Jason-3 SWH was temporally stable, whereas that of Sentinel-3B SWH improved over time. Analyses of SWH accuracy as a function of wave period showed that the Jason-3 altimeter was better than the Sentinel-3A/3B altimeters for long-period ocean waves. Generally, the accuracy of WS and SWH data derived by the Sentinel-3A/3B and Jason-3 altimeters satisfies their mission requirements. Overall, the accuracy of WS (SWH) derived by Sentinel-3A/3B (Jason-3) is better than that retrieved by Jason-3 (Sentinel-3A/3B).
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1. Introduction


Sea surface wind is an important parameter of the marine dynamic environment. It is related to all types of movement of sea water, e.g., capillary gravity waves, ocean waves, and ocean currents. Sea surface winds are required as input to meteorological and wave forecasting models, as well as ocean circulation numerical models. Ocean waves represent one form of seawater movement and wave height is an important parameter for characterization of the sea state. Remote sensing technology provides the opportunity to obtain sea surface wind and ocean wave information simultaneously over large areas. A scatterometer, radiometer, synthetic aperture radar (SAR), and altimeters can obtain sea surface wind and/or ocean wave retrievals, and such information is important for socioeconomic development. For example, Sentinel-1 SAR images have been used to assess the wind energy potential of the northwest coast of the Sicily (Italy) [1].



A satellite-borne altimeter represents an important sensor for monitoring marine dynamic environment. For example, the sea surface height (SSH), significant wave height (SWH) and wind speed (WS) of the global ocean can be derived using satellite altimeters [2]. Moreover, SWH and WS can be measured simultaneously by a satellite altimeter, which is very useful in studies on ocean waves and their relations with wind. More than 10 altimeter missions have produced a database of synchronous WS and SWH data of the global ocean spanning more than 30 years. This database has proven very useful in oceanographic research, such as study of the climate of waves and wind over the global ocean, and the determination and investigation of extreme values of meteorological system.



Satellite altimeters measure the radar power returned from the sea surface, which is influenced by the wind-induced capillary waves of the sea surface. The returned radar power is directly related to the backscattering coefficient σ0 of the sea surface. As sea surface WS increases, the sea surface roughness is also increased by the wind-induced capillary waves. Altimeter measurements of σ0 are therefore inversely related to sea surface WS. Wind direction cannot be determined by the measurements of σ0, which means only WS can be inferred from satellite-borne altimeters. The altimeter WS model functions relate σ0 to WS at the height of 10 m above the sea surface, which is regarded as neutrally stable. The model functions used most widely to date are empirical [3]. The SWH of ocean waves can be determined from the slope of the leading edge of the returned altimeter waveform. Therefore, validation of altimeter WS and SWH retrievals is very important for data applications. In addition, the accuracy of satellite-derived WS and SWH data influences altimeter SSH measurements because such information forms the basis for correction of sea state bias in SSH measurements [4,5]. Buoy data are used commonly to develop and validate the WS and/or SWH retrieval methods of altimeters [6]. Typically, collocation data with spatial and temporal scales of 50 km and 30 min, respectively, are used to validate the WS and SWH measurements of existing altimetry missions [7,8,9,10]. For example, GEOSAT radar altimeter-derived WS was compared with data measured by 43 National Data Buoy Center (NDBC) buoys moored in coastal regions of the North Pacific, North Atlantic, and Gulf of Mexico during several months in 1985. The difference in WS between the GEOSAT and buoy measurements was 1.3 m/s within a 50-km spatial range [11]. WS measurements acquired during 2013–2015 by the SARAL/AltiKa mission were validated using observations from moored buoys in the north Indian Ocean. The results indicated that the WS derived by SARAL/AltiKa had reasonable consistency with the buoy data [12]. The TOPEX altimeter WS data of the first 30 cycles were validated using the Japanese buoy data. The results showed that the altimeter-derived WS satisfied the design requirements of the mission with a root mean square error (RMSE) value of 1.99 m/s [13]. WS derived by the altimeters of ENVISAT and Jason-1 have also been validated using buoy data. The results showed reasonable agreement between both the ENVISAT and Jason-1 WS measurements and the buoy data [14]. Average monthly estimates of WS by the GEOSAT, TOPEX, and ERS-1 altimeters have been compared with NDBC buoy WS data and corrected to form a long-term WS database of the global ocean that spans several decades [15]. Sea surface WS measurements derived by the SAR mode of CryoSat-2 have been validated using WS data from the numerical model of the European Centre for Medium-Range Weather Forecasts (ECMWF), as well as measurements by buoys and the Jason-2 altimeter. The results indicated that the performance of the CryoSat-2 SAR WS observations was in reasonable agreement with that of the Jason-2 altimeter [16]. The WS estimates of nine altimeters have been calibrated using NDBC buoy data in a systematic manner to build a long-term consistent satellite-derived WS database [17]. Retrievals of WS by seven scatterometers (i.e., ERS-1/2, QuikSCAT, Meteorological Operational Satellite Program (MetOp-A/B), OceanSat-2, and RapidScat) have also been validated using NDBC buoy data, and cross validation between these scatterometers and certain altimeters was performed on data acquired before 16 July 2018 to verify the consistency and stability [18]. SWH and WS from 13 altimeters (i.e., Geosat, ERS-1/2, TOPEX, GFO, Jason-1/2/3, Envisat, Cryosat-2, HY-2A, SARAL, and Sentinel-3A) with temporal coverage of 33 years (1985-2018) have been calibrated and validated against National Oceanographic Data Center (NODC) buoy data [19]. Much other work has also been dedicated to validation of SWH data derived from the TOPEX/Poseidon (T/P), Jason-1, Jason-2, ERS, GEOSAT Follow-on, and ENVISAT altimeters [20,21,22,23,24]. Sentinel-3, which is operated jointly by the European Space Agency (ESA) and the European Organization for the Exploitation of Meteorological Satellites (EUMETSAT), is a satellite mission of the European Copernicus programme [25]. Sentinel-3A was launched on 16 February 2016 and Sentinel-3B was launched on 25 April 2018. The SAR Altimeter (SRAL) instrument onboard Sentinel-3A/3B can be used to measure SSH, SWH and sea surface WS of the global ocean. The standard algorithm for the SRAL-derived WS is based on Abdalla et al. [26]. Sentinel-3A data, including range corrections, are assessed over the global ocean and the WS retrievals from Sentinel-3A are compared with those of Jason-3 [27]. Data assessment is very important in satellite altimetry; thus, the main range and geophysical corrections of T/P and Jason-1/2 altimeters have been assessed in relation to the determination of sea-level trend in the Indonesia seas [28]. Jason-3, which was launched on 17 January 2016, is the fourth mission of the cooperative program between the U.S. and Europe (i.e., the successor of T/P and Jason-1/2) that is designed to measure SSH, SWH and WS. The Jason-3 mission extends the period of observations of sea surface topography that commenced with the T/P satellite mission. WS of Jason-3 is derived using the Gourrion algorithm [29] and Collard table [30].



This study evaluated the accuracy of the WS and SWH retrievals from the Sentinel-3A (1 March 2016 to 31 October 2019), Sentinel-3B (10 November 2018 to 31 October 2019), and Jason-3 (12 February 2016 to 18 September 2019) altimeters using measurements from moored buoys and the MetOp-A/B Advanced Scatterometer (ASCAT). The accuracy of the WS derived by the Sentinel-3A/3B and Jason-3 altimeters over the global ocean and at different WSs and SWHs was analyzed, and the WSs retrieved by the three altimeters were compared with ASCAT data over the global ocean without in situ measurement. The accuracy of SWHs derived by the Sentinel-3A/3B and Jason-3 altimeters over the global ocean was analyzed at different SWHs, WSs and wave periods. Section 2 provides descriptions of the material and methods used in this work. The validation of the WSs and SWHs derived by the three altimeters is considered in Section 3. Section 4 provides the conclusions of this study.




2. Material and Methods


2.1. Data


This study used WS and SWH data derived by the Sentinel-3A/3B and Jason-3 altimeters, wind and wave data from the moored buoys, and ASCAT wind vectors.



2.1.1. Altimeter Data


The SRAL onboard Sentinel-3A/3B has a repeat cycle of 27 days, and it can measure SSH, SWH, and WS of the global ocean on a sun-synchronous polar orbit. The SRAL operates at the frequencies of 13.575 GHz (Ku-band) and 5.41 GHz (C-band), which allows for dual-frequency ionospheric correction. The latitudinal range of the global coverage of the SRAL is between 81.35°S and 81.35°N. The SRAL has two measurement modes: a low-resolution mode (LRM) and SAR mode. The former is the traditional altimeter mode, while the SAR mode is the high-resolution along-track mode. The two modes of the SRAL cannot work simultaneously and therefore the SAR mode is commonly used over the global ocean. The Sentinel-3A/3B SRALs produce three types of level-2 data: reduced, standard, and enhanced measurement data. Reduced measurement data contain only the main 1 Hz data. Standard measurement data contain the 1 Hz and 20 Hz data of the Ku and C bands. Enhanced measurement data contain the returned waveforms, additional information, and data reprocessing parameters in addition to the standard measurement information. This study used the standard measurement data of the Sentinel-3A/3B SRALs, which are distributed by EUMETSAT through the Copernicus Online Data Access (CODA) system (https://coda.eumetsat.int/#/home) [31]. The Sentinel-3A (3B) SRAL data used covered the period from 1 March 2016 to 31 October 2019 (10 November 2018 to 31 October 2019).



Jason-3, which is also a dual-frequency (Ku- and C-band) altimeter launched on 17 January 2016, is the successor of the TOPEX/Poseidon (1992–2006), Jason-1 (2001–2013), and Jason-2 (2008–2019) satellites. Jason-3 can measure SSH, SWH and WS over the global ocean with a repeat cycle of 10 days. Jason-3 continues the program of high-precision measurement of SSH for studies on topics such as the global ocean circulation, climate change, and sea level rise. The latitudinal coverage of Jason-3 is between 66°S and 66°N. This study used geophysical data records from Jason-3 for the period from 12 February 2016 to 18 September 2019 distributed by the French Space Agency (ftp://ftp-access.aviso.altimetry.fr).




2.1.2. Buoy Data


This study used wind and wave field observational data acquired by moored buoys. Wind data from the NDBC buoys represent 10-min averages of the speed and direction at different heights above the sea surface with sampling of 2 Hz. Measurements of SWH by the NDBC buoys represent the average of the highest third of the waves during a 20-min sampling period. In addition, 10-min average measurements of wind data recorded by moored buoys of the Tropical Atmosphere Ocean (TAO) array, Pilot Research Moored Array in the Tropical Atlantic (PIRATA), and Research Moored Array for African-Asian-Australian Monsoon Analysis and Prediction (RAMA) were also used. The height of the wind measurements by these buoys is 4 m above the sea surface, and the sampling period and rate of wind measurement are 2 min and 2 Hz, respectively. The spatial distributions of the moored buoys matched to the Sentinel-3A, Sentinel-3B, and Jason-3 altimeters for WS validation are shown in Figure 1. In this study, WS data from 116, 83, and 113 moored buoys were used to validate the WSs derived by the Sentinel-3A/3B and Jason-3 altimeters, respectively. The spatial distributions of the NDBC buoys matched to the three altimeters for SWH validation are shown in Figure 2. Wave height data from 123, 106, and 41 NDBC buoys were used to validate SWHs derived by the Sentinel-3A/3B and Jason-3 altimeters, respectively. Only observations acquired by buoys more than 50 km offshore and in regions with water depth of >100 m were used to avoid nearshore effects on data quality. NDBC buoy data can be downloaded from https://www.ndbc.noaa.gov/. TAO, PIRATA, and RAMA buoy data can be downloaded from https://www.pmel.noaa.gov/tao/drupal/disdel/. For direct comparison of the altimeter and buoy data, buoy WSs were converted to speeds at 10 m above the sea surface using a model developed by Liu, Katsaros and Businger (referred to as the LKB model). The LKB model enabled numerical determination of air-sea exchanges of momentum, heat and water vapor employing the bulk parameters of mean WS, temperature and humidity at a certain height in the atmospheric surface layer, and the water temperature [32,33,34].




2.1.3. Advanced Scatterometer (ASCAT) Data


In this study, Level 2 25-km sea surface wind data retrieved by ASCAT, which is deployed onboard the MetOp-A/B satellites for operational meteorology, were used to validate WS data of the three altimeters. ASCAT wind data are available with authorization from the following site: ftp://ftppro.knmi.nl. Validation has shown ASCAT WS data have reasonable accuracy with bias in the range of −0.3–0.3 m/s and average standard deviation of <1.6 m/s.





2.2. Methods


Sentinel-3A/3B and Jason-3 altimeter-derived WSs were collocated with moored buoy (NDBC, TAO, PIRATA, and RAMA) and ASCAT wind data to validate the accuracy of WS derived by the three altimeters. In accordance with the LKB method mentioned in Section 2.1.2, the moored buoy WSs were converted to speeds at 10 m above the sea surface using the following expression:


   u h  = 2.5 ∗ ln  (  h /  z 0   )  ∗  u ∗   



(1)




where    u h    is WS at height h above the sea surface,    u ∗    and    z 0    are parameters obtained from the LKB model with the measured WS and its measurement height above the sea surface.



Moored buoy WS data were collocated with altimeter-derived WSs with spatial and temporal scales of 25 km and 30 min, respectively. The WS data of Sentinel-3A/3B and Jason-3 altimeters were also compared with ASCAT data to validate the accuracy of the data for intervals of <30 min and distances of <25 km. The along-track spatial resolution of the altimeter is approximately 7 km. Therefore, the average of all altimeter WS data within intervals of 25 km and 30 min was considered collocated with the ASCAT wind data. The collocated WS data of Sentinel-3A/3B and Jason-3 altimeters were distributed along their tracks over the global ocean, and the numbers of collocated data were more than 10 million, 2 million, and 2 million for Sentinel-3A/3B and Jason-3, respectively.



The SWH data of Sentinel-3A/3B and Jason-3 altimeters were validated using SWH data of NDBC buoys located more than 50 km offshore and in regions with water depth of >100 m. The NDBC buoy SWH data were collocated with Sentinel-3A/3B and Jason-3 altimeters SWH data with spatial and temporal scales of 25 km and 30 min, respectively. The numbers of collocation data pairs between the Sentinel-3A/3B and Jason-3 altimeters and the NDBC buoys data are 5345, 1191, and 3033, respectively.



Four statistical parameters were used to evaluate WS and SWH data derived by the three altimeters [35]. These comprised the RMSE, bias, correlation coefficient (R) and scatter index (SI), which can be expressed as follows:


  B i a s =  (    S −  S 0   ¯   )   



(2)






  R M S E =        (  S −  S 0   )   2   ¯     



(3)






  R =    ∑   i = 1  N    [   (  S  ( i )  −  S ¯   )   (   S 0   ( i )  −    S 0   ¯   )   ]  /      ∑   i = 1  N      (  S  ( i )  −  S ¯   )   2     ∑   i = 1  N      (   S 0   ( i )  −    S 0   ¯   )   2     



(4)






  S I =      1 N   ∑  i = 1  N     [   (  S  ( i )  −  S ¯   )  −  (   S 0   ( i )  −    S 0   ¯   )   ]   2         S 0   ¯     



(5)




where S represents the collocated altimeter WS or SWH, S0 denotes the collocated WS or SWH of the moored buoys or ASCAT, and the upper bar denotes the statistical average. Here, N is the number of the collocated data elements.





3. Results and Discussion


3.1. Wind Speed Validation Using Moored Buoys Data


All available historical achieved Sentinel-3A/3B and Jason-3 altimeter-derived WS data were compared against the moored buoy WS data using the matching criteria and statistical analysis outlined in Section 2.2. Scatterplots of the comparisons are illustrated in Figure 3. Owing to the short period of Sentinel-3B data, the number of collocated data for Sentinel-3B is lower than that of the Sentinel-3A and Jason-3 altimeters. The number of collocated data for Sentinel-3A is different to that of Jason-3 because their ground tracks are different. The number of collocated data and the statistical parameters (i.e., RMSE, Bias, R, and SI) of the differences in WS between the Sentinel-3A/3B and Jason-3 altimeters and the moored buoys are shown in Table 1, Table 2 and Table 3, respectively. It can be seen that the three altimeters meet the requirements of their missions in terms of WS retrievals. The R and SI values confirm the satisfactory performance of the three altimeters. The negative biases (altimeter WS minus buoy WS) show that the three altimeters underestimate the true wind (moored buoys WS), and that the underestimation of Jason-3 is more obvious than that of the others. The underestimation of TAO, RAMA, PIRATA buoy WSs by the Jason-3 altimeter is slightly greater than that of the NDBC buoys. The similar RMSEs of Sentinel-3A and Sentinel-3B indicate that these altimeters have equal performance in term of WS retrieval. The larger RMSE of Jason-3 relative to Sentinel-3A/3B highlights its poorer performance. The biases of WS differences between each of the three altimeters and the RAMA, PIRATA buoys are slightly larger than the biases of the NDBC and TAO buoys.



The differences in WS between of the Setinel-3A/3B and Jason-3 altimeters and the buoys were analyzed as a function of WS, and the RMSEs and biases of the WS differences are illustrated with intervals of 1 m/s in Figure 4. It can be seen that the WSs of all collocated data are in the range of 3–11 m/s. For Jason-3, the biases at different WSs are negative totally and they increase slightly as WS increases. However, when the WS exceeds 12 m/s, the biases start to decrease. Results of WS >16 m/s might not be representative owing to the insufficiency of matching data. The RMSEs for WS <10 m/s are relatively small, and they increase slightly when WS is >10 m/s. In addition, the variations of RMSEs at different WSs are all slight. For Sentinel-3A/3B WSs, the biases at different WSs are also negative overall; however, they are closer to zero than is the case for Jason-3. As WS increases, the variations of the biases have an increasing trend. The RMSEs are similar to those of Jason-3 with a slight increase when WS is >10 m/s; overall, the variations of RMSEs are minimal. Generally, the biases at different WSs are negative, confirming the underestimation of WS by all three altimeters. As the direction of sea surface microscale waves that interact with the radar microwaves varies with wind direction, the WS differences between the three altimeters and the buoys are also analyzed as a function of buoy-derived wind direction. The results indicated no obvious correlation with wind direction (results not shown here).



The WS differences between the three altimeters and the buoys in different months were also analyzed (Figure 5). The average monthly WSs of the collocated data are also shown in Figure 5. The dotted straight lines in Figure 5 represent the fitting trends. The negative biases of the three altimeters also prove that the altimeter-derived WSs are underestimates in comparison with the buoy WS data. The monthly biases of WS differences between Jason-3 and the buoys are all negative and the average is close to −0.5 m/s. Most RMSEs of WS differences are in the range of 1.0–1.5 m/s and the average is close to 1.3 m/s. The RMSEs of November and December of 2018 are larger than in other months. There are large WS differences of collocated data of 2–3 buoys close to the Alaska coast in winter. The monthly RMSEs and biases have slight decreasing trends, indicating that the accuracy of the Jason-3 altimeter WS is stable and that is improved slightly over time. Over a period of approximately one year, the variations of the monthly biases of WS differences between Jason-3 and the buoys reaches a maximum (minimum) in June/July (December/January). Assessing the reason for this seasonal oscillation, the average monthly WS of the collocated data shows that the variations of WSs have period of one year (shown in Figure 5). This is related to the seasonal variation of WS differences. Larger WSs are related to larger differences. The monthly biases of WS differences between Sentinel-3A and the buoys are mostly negative and the average is close to −0.2 m/s. Most of the monthly RMSEs of the differences fluctuate around 1 m/s, showing that the accuracy of WS derived by Sentinel-3A is better than from Jason-3. The lack of trend in the variations of the biases and RMSEs indicates that the accuracy of Sentinel-3A WS is temporally independent. Periodic variation of the monthly biases and RMSEs of WS differences similar to Jason-3 can also be observed. The monthly biases and RMSEs of Sentinel-3B WSs exhibit fluctuations and slight increasing or decreasing trends. This is because the period of Sentinel-3B WS data coverage is too short (i.e., <12 months) to allow the stability of Sentinel-3B WS data to be determined.



Differences in WS between the three altimeters and the buoys were also analyzed as a function of buoy-derived SWH; the RMSEs and biases of the WS differences are presented with 1-m intervals in Figure 6. Most of the SWHs are in the range of 1–4 m, and the biases and RMSEs of WS differences between the three altimeters and the buoys increase with increasing SWH. The variations associated with Jason-3 are larger than associated with Sentinel-3A/3B, indicating that the accuracy of Jason-3 WS is more sensitive to SWH than that of Sentinel-3A/3B WS.




3.2. Wind Speed Validation by ASCAT Wind Data


Validation of the Sentinel-3A/3B and Jason-3 altimeter WSs against moored buoys data was limited by the locations of the buoys and the extent of the period of data coverage. To validate WS derived by the Sentinel-3A/3B and Jason-3 altimeters over the global ocean without in situ measurements, ASCAT wind data from the MetOp-A and MetOp-B satellites with proven reliable accuracy were used. WS data from the three altimeters and ASCAT were collocated using the method mentioned in Section 2.2. The large spatial coverage of ASCAT meant that large amounts of data were available for this process. Scatterplots of comparisons of the collocated data are presented in Figure 7. The negative biases mean that the WSs of all three altimeters are generally lower in comparison with ASCAT. This is consistent with the underestimation of WS by the three altimeters in comparison with the buoy data. The WS differences between the Jason-3 altimeter and ASCAT are larger than between the Sentinel-3A/3B altimeters and ASCAT. However, the Jason-3 WSs at speeds of <15 m/s are more consistent with ASCAT than are the Sentinel-3A/3B WSs. When the speed exceeds 15 m/s, the WSs derived by the Jason-3 altimeter are closer to ASCAT, whereas the Sentinel-3A/3B altimeters begin to underestimate WS in comparison with ASCAT.



The WS differences between the three altimeters and ASCAT at different speeds were also analyzed; the RMSEs and biases of the WS differences are presented at intervals of 1 m/s in Figure 8. It can be seen that the total errors of WS differences between the three altimeters and ASCAT are stable at low and medium speeds and increase when WS is >15 m/s. The negative biases of the three altimeters mean that the WSs of the altimeters are lower in comparison with ASCAT. This is consistent with the underestimation of the altimeters in comparison with the buoy wind data. The RMSEs of the three altimeters at WSs of <15 m/s are stable, which means that the accuracy of the WSs derived by the three altimeters are consistent at low and medium speeds. As WS increases, the biases and RMSEs increase rapidly, indicating deceasing accuracy of the altimeter-derived WSs. The accuracy of the Jason-3 altimeter WS decreases slightly more slowly than that of the Sentinl-3A/3B altimeters, proving that the Jason-3 altimeter WS is better in comparison with that of the Sentinel-3A/3B altimeters at high speeds.



The WS differences between the three altimeters and ASCAT in different months were analyzed (Figure 9). The dotted straight lines in Figure 9 represent the fitting trends. Generally, the trend of each of the three altimeters is close to that of the comparison with the moored buoy data. The monthly RMSEs and biases of WS derived by Jason-3 are stable and have average values of 1.05 m/s and −0.6 m/s, respectively, with no obvious trend or periodicity. The monthly biases of the Sentinel-3A WS decrease with time and the monthly RMSEs have a slight downward trend. The monthly RMSEs and biases of the Sentinel-3B WS are worse in comparison with Sentinel-3A and have sight fluctuation. Overall, the average values of the monthly RMSEs and biases are no greater than 1.1 m/s and −0.5 m/s, respectively. These findings indicate consistency in the WSs derived by the three altimeters and ASCAT, and show that the Sentinel-3A/3B and Jason-3 altimeters have reasonable accuracy in determining WS over the global ocean.




3.3. Significant Wave Height Validation Using National Data Buoy Center (NDBC) Buoy Data


The SWH data of Sentinel-3A/3B and Jason-3 altimeters were compared against the SWH data derived from NDBC buoys using the matching criteria and the statistical analysis described in Section 2.2. The statistical parameters (i.e., RMSE, Bias, R, and SI) of SWH differences between the Sentinel-3A/3B and Jason-3 altimeters and the NDBC buoys were calculated (Table 4). Scatterplots of the SWH comparisons are shown in Figure 10. It can be seen from Table 4 and Figure 10 that the SWHs of three altimeters are consistent with the NDBC buoy data, and that the accuracy of the SWH of each of the three altimeters meets the mission requirements. The positive biases (altimeter SWH minus buoy SWH) show that the SWHs of the three altimeters are all slightly larger than those derived from the NDBC buoys. The R and SI values reflect the reasonable performance of the SWH measurements by the three altimeters. Overall, the accuracy of Jason-3 SWH is better than that of Sentinel-3A/3B.



The biases and RMSEs of the SWH errors were analyzed as a function of buoy SWH with 1 m intervals (Figure 11). Most matched wave heights between the altimeters and the buoys are <4 m. The biases and RMSEs of Jason-3 SWH at different SWHs increase slightly as SWH increases. The biases and RMSEs of Jason-3 SWH are more stable in comparison with Sentinel-3A/3B, except for a slight increase when the SWH is no greater than 4 m. When SWH is >4 m, the biases and RMSEs of Sentienl-3A SWH increase considerably and those of Sentinel-3B begin to increase. Generally, the accuracy of Jason-3 SWHs is better than that of Sentinel-3A/3B at low SWH (≤4 m), but the accuracy of Sentinel-3A/3B SWHs is better than that of Jason-3 at high SWHs (>4 m).



To study the variations of the accuracy of the SWH data of each of the three altimeters, the SWH differences between the three altimeters and buoys in different months were analyzed (Figure 12). The dotted straight lines represent the fitting trends. Most monthly biases of SWH differences between the Jason-3 altimeter and the buoys are positive, meaning that the Jason-3 SWH data are slight overestimates in comparison with the buoy data. The monthly RMSEs of Jason-3 SWH differences are stable, indicating that the performance of SWH measurement by the Jason-3 altimeter is stable. The trends of biases and RMSEs of Sentinel-3A are similar to Jason-3, but the monthly bias is close to 0 m and the monthly RMSEs are larger in comparison with Jason-3. The monthly biases and RMSEs of the SWH differences of Sentinel-3B have decreasing trends, meaning that the accuracy of Sentinel-3B SWH has improved over time. Variations of the average monthly SWH of the collocated data have period of one year, as shown in Figure 12. The biases and RMSEs of the SWH differences between the Jason-3 and Sentinel-3A altimeters and the buoys have seasonal variation because large SWH is related to large differences for altimeter SWH data.



The SWH differences between the three altimeters and the buoys were analyzed as a function of buoy WS, and the RMSEs and biases of the SWH differences are presented at intervals of 1 m/s interval in Figure 13. The RMSEs of the SWH differences at low buoy WSs (≤4 m/s) increase with the decrease of buoy WS, whereas the RMSEs of the SWH differences at medium and high buoy WSs (5–15 m/s) increase with increasing buoy WS. Owing to the lack of sufficient collocated data, the RMSEs at buoy WSs of >15 m/s are unclear. The increase of RMSE for Jason-3 is faster than that for Sentinel-3A/3B. Overall, the SWH accuracy of the altimeters is low at low WSs and it decreases as WS increases to medium and high wind speeds. The SWH accuracy of Jason-3 is lower than that of Sentinel-3A/3B at high WSs.



The SWH differences between the three altimeters and the buoys were analyzed as a function of buoy wave period, and the RMSEs and biases of the SWH differences are presented at 1 s intervals in Figure 14. It can be seen that the biases of the SWH differences at different buoy wave periods for the three altimeters increase with increasing wave period. The RMSEs of SWH differences for Jason-3 are all lower in comparison with those associated with Sentinel-3A/3B for long wave periods. This means that the accuracy of Jason-3 SWH is better than that of Sentinel-3A/3B for long-period ocean waves. It is known that wavelength increases with the wave period. Therefore, the accuracy of Jason-3 SWH data is better than that of Sentienl-3A/3B for long ocean waves. This is related to the difference in the working principle between Sentinel-3A/3B (SAR altimeter) and Jason-3 (traditional altimeter), and the impact of long ocean waves on wave height retrievals for SAR altimetry has been proven [36].





4. Conclusions


The archived WS and SWH data of Sentinel-3A (1 March 2016 to 31 October 2019), Sentinel-3B (10 November 2018 to 31 October 2019) and Jason-3 (12 February 2016 to 18 September 2019) altimeters were validated comprehensively through comparisons against moored buoys and ASCAT data. WS data from more than 80 moored buoys and SWH data from more than 40 NDBC buoys were used to validate the WSs and SWHs derived by the Sentinel-3A/3B and Jason-3 altimeters within the spatial and temporal scales of 25 km and 30 min, respectively. In comparison with buoy data, the WSs derived by the Sentinel-3A/3B and Jason-3 altimeters were slight underestimates, especially for Jason-3. Analysis of WS differences of the three altimeters at different WSs indicated that the RMSEs and biases of WS increased slightly as the speed increased (at speeds of <12 m/s) and had slight increasing trends with a little fluctuation. Analysis of WS differences of the three altimeters in different months showed that the accuracy of Jason-3 WS improved slightly over time, while that of Sentinel-3A WS was stable and temporally independent. It also indicated that the accuracy of WS derived by the Sentinel-3A/3B altimeters was better than that of the Jason-3 altimeter. Analyses of WS differences between the three altimeters and the buoys as a function of buoy SWH showed that the biases and RMSEs of WS differences between the three altimeters and the buoys increased with increasing SWH, and that the errors of Jason-3 WS were larger in comparison with those associated with Sentinel-3A/3B. To validate WSs derived by the three altimeters over the global ocean without in situ measurements, the Sentinel-3A/3B and Jason-3 WSs were validated against MetOp-A/B ASCAT wind data with the spatial and temporal scales of 25 km and 30 min, respectively. Overall, the results showed that the WSs of the three altimeters were lower than the ASCAT-derived speeds. The WS differences between Jason-3 and ASCAT were larger than between Sentinel-3A/3B and ASCAT at low and medium speeds. In comparison with Sentinel-3A/3B, the Jason-3 WS was much closer to that of ASCAT when the speed was >15 m/s. Analysis of the WS differences between the three altimeters and ASCAT in different months showed that the accuracy of Jason-3 WS had no trend with time, while that of Sentinel-3A/3B WS had slight increase. The monthly RMSEs and biases of Jason-3 had slight decreasing trends.



Validation of SWHs derived by the Sentinel-3A, Sentinel-3B, and Jason-3 altimeters against NDBC buoy wave data showed that the accuracy of Jason-3 SWH was better than that of Sentinel-3A/3B. Analysis of SWH differences between the Sentinel-3A, Sentinel-3B, and Jason-3 altimeters and the buoys at different SWHs showed that the biases and RMSEs of the SWHs of the three altimeters increased when the SWH was >4 m. The accuracy of the SWH data of the three altimeters in different months was also analyzed. The results showed that the accuracy of the Sentienl-3A and Jason-3 SWHs were stable, while that of Sentinel-3B SWH improved with time. Analysis of SWH differences between the three altimeters and the buoys as a function of buoy WS showed that SWH accuracy of the altimeters was low for low WSs and decreased with the increasing WS for the medium and high WSs. Analysis of the SWH differences between the three altimeters and the buoys as a function of buoy wave period showed that the SWH accuracy of Jason-3 was better than that of Sentinel-3A/3B for long-period ocean waves.



Generally, the accuracies of WS and SWH derived by the Sentinel-3A/3B and Jason-3 altimeters satisfy their mission requirements. Overall, the WS derived by the Sentinel-3A/3B SRAL is better than that retrieved by the Jason-3 altimeter. Conversely, the SWH derived by the Jason-3 altimeter is better than that retrieved by the Sentinel-3A/3B SRAL, especially for ocean waves with a long wave period (long wavelength).
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Figure 1. Spatial distributions of the moored buoys matched to (a) Sentinel-3A, (b) Sentinel-3B and (c) Jason-3 for wind speed validation. 
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Figure 2. Spatial distributions of the National Data Buoy Center (NDBC) buoys matched to Sentinel-3A/3B and Jason-3 for significant wave height (SWH) validation. 
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Figure 3. Comparisons of wind speed (WS) between Sentinel-3A, Sentinel-3B, and Jason-3 altimeters and moored buoys. (a) all buoys; (b) NDBC buoys; (c) PIRATA buoys; (d) RAMA buoys; (e) TAO buoys. 
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Figure 4. Dependence of statistical parameters of WS differences between the Jason-3, Sentinel-3A, Sentinel-3B altimeters and the moored buoys on the altimeter-derived WS. 
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Figure 5. Monthly RMSEs and biases of WS differences between the Sentinel-3A/3B and Jason-3 altimeters and the moored buoys across different months and the average monthly WSs of the collocated data. the dotted straight lines represent the fitting trends. 
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Figure 6. Dependence of statistical parameters of WS differences between the Jason-3, Sentinel-3A, Sentinel-3B altimeters and the moored buoys on the buoy-derived SWH. 






Figure 6. Dependence of statistical parameters of WS differences between the Jason-3, Sentinel-3A, Sentinel-3B altimeters and the moored buoys on the buoy-derived SWH.



[image: Remotesensing 12 02079 g006]







[image: Remotesensing 12 02079 g007 550] 





Figure 7. Comparisons of WS between the Sentinel-3A/3B and Jason-3 altimeters and Advanced Scatterometer (ASCAT). 
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Figure 8. Dependence of statistical parameters of WS differences between the Sentinel-3A/3B and Jason-3 altimeters and ASCAT on altimeter-derived WS. 
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Figure 9. Monthly RMSEs and biases of WS differences between the Sentinel-3A/3B and Jason-3 altimeters and ASCAT across the different months. the dotted straight lines represent the fitting trends. 
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Figure 10. Comparisons of SWH between the Sentinel-3A, Sentinel-3B, and Jason-3 altimeters and the NDBC buoys. 
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Figure 11. Dependence of the statistical parameters of SWH differences between the Jason-3, Sentinel-3A, and Sentinel-3B altimeters and the NDBC buoys on buoy SWH. 
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Figure 12. Monthly RMSEs and biases of SWH differences between the Sentinel-3A/3B and Jason-3 altimeters and the NDBC buoys across different months and the average monthly SWH of the collocated data. the dotted straight lines represent the fitting trends. 






Figure 12. Monthly RMSEs and biases of SWH differences between the Sentinel-3A/3B and Jason-3 altimeters and the NDBC buoys across different months and the average monthly SWH of the collocated data. the dotted straight lines represent the fitting trends.



[image: Remotesensing 12 02079 g012]







[image: Remotesensing 12 02079 g013 550] 





Figure 13. Dependence of the statistical parameters of SWH differences between the Jason-3, Sentinel-3A, and Sentinel-3B altimeters and the NDBC buoys on buoy WS. 
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Figure 14. Dependence of the statistical parameters of SWH differences between the Jason-3, Sentinel-3A, and Sentinel-3B altimeters and the NDBC buoys on buoy wave period. 
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Table 1. WS errors between Sentinel-3A and moored buoys.
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	Buoy
	NDBC
	TAO
	PIRATA
	RAMA
	ALL





	Number of Collocated Data
	2053
	1690
	482
	493
	4718



	Bias (m/s)
	−0.08
	−0.10
	−0.30
	−0.26
	−0.13



	RMSE (m/s)
	1.23
	0.91
	1.05
	1.27
	1.11



	R
	0.94
	0.92
	0.89
	0.91
	0.93



	SI
	0.19
	0.15
	0.15
	0.19
	0.17
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Table 2. WS errors between Sentinel-3B and moored buoys.
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	Buoy
	NDBC
	TAO
	PIRATA
	RAMA
	ALL





	Number of Collocated Data
	347
	307
	145
	119
	918



	Bias (m/s)
	−0.22
	−0.01
	−0.43
	−0.59
	−0.23



	RMSE (m/s)
	1.20
	1.01
	0.99
	1.35
	1.13



	R
	0.96
	0.91
	0.94
	0.93
	0.94



	SI
	0.17
	0.18
	0.14
	0.19
	0.18
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Table 3. WS errors between Jason-3 and moored buoys.
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	Buoy
	NDBC
	TAO
	PIRATA
	RAMA
	ALL





	Number of Collocated Data
	1506
	1608
	189
	295
	3598



	Bias (m/s)
	−0.31
	−0.58
	−0.59
	−0.95
	−0.50



	RMSE (m/s)
	1.43
	1.10
	1.37
	1.40
	1.29



	R
	0.92
	0.91
	0.84
	0.95
	0.92



	SI
	0.21
	0.16
	0.16
	0.15
	0.19
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Table 4. SWH errors between the Sentinel-3A/3B, Jason-3 and the NDBC buoys.
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	Altimeter
	Sentinel-3A SRAL
	Sentinel-3B SRAL
	Jason-3





	Number of Collocation
	5345
	1191
	3033



	Bias (m)
	0.02
	0.05
	0.05



	RMSE (m)
	0.27
	0.32
	0.23



	R
	0.97
	0.96
	0.98



	SI
	0.16
	0.18
	0.13
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