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Abstract

:

The Sentinel-6 Michael Freilich (S6-MF) satellite was launched on 21st November 2020. Poseidon-4, the main payload onboard S6-MF, is the first synthetic aperture radar (SAR) altimeter operating in an interleaved open burst mode. In this study, the sea surface height (SSH), significant wave height (SWH) and wind speed observations from the Poseidon-4 Level 2 altimetry products from November 2021 to October 2022 are assessed. The assessment contains synthetic aperture radar mode (SARM) as well as low-resolution mode (LRM) data. The SSH assessment is conducted using range noise, sea level anomaly (SLA) spectral analysis and crossover analysis, whereas the SWH and wind speed assessments are performed against NDBC buoy data and other satellite altimetry missions. The performance of the Sentinel-6 altimetry data is compared to those of Sentinel-3A/B and Jason-3 altimetry data. The 20 Hz range noise is 3.07 cm for SARM and 6.40 cm for LRM when SWH is 2 m. The standard deviation (STD) of SSH differences at crossovers is 3.76 cm for SARM and 4.27 cm for LRM. Compared against the NDBC measurements, the Sentinel-6 SWH measurements have a root-mean-square error (RMSE) of 0.361 m for SARM and an RMSE of 0.225 m for LRM. The Sentinel-6 wind speed measurements show an RMSE of 1.216 m/s for SARM and an RMSE of 1.323 m/s for LRM. We also present the impacts of ocean waves on parameter retrievals from Sentinel-6 SARM data. The Sentinel-6 SARM data are sensitive to wave period and direction as well as vertical velocity. It should be paid attention to in the future.
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1. Introduction


A radar altimeter is able to measure the SSH, SWH and wind speed by transmitting electromagnetic waves and receiving echoes returned from the surface. The data measured by the radar altimeter can be further used for study of global and regional sea level variation [1,2], marine gravity anomalies [3], geoids [4], seafloor topography [5], ocean tides [6], wind–wave fields [7] and ocean dynamics [8]. With the development of technology, radar altimeter data can be used not only for oceanographic research but also for inland water level changes [9,10,11], sea ice thickness and volume changes [12,13,14] and ice sheet mass balance [15,16,17].



The spatial resolution of the conventional pulse-limited radar altimeter, such as the altimeters onboard Jason-1/2/3 satellites, is limited by the radar altimeter’s pulse-limited footprint. The pulse-limited footprint is approximately 2 km in diameter, and it can increase to several kilometers as SWH increases. The SAR altimeter or delay/Doppler radar altimeter has better along-track resolution and precision than the conventional pulse-limited altimeters [18]. The along-track footprint size of the SAR altimeter is reduced to approximately 300 m and does not vary with SWH [19]. Furthermore, the speckle noise is also reduced because of more independent looks to be averaged. The radar altimeter onboard the CryoSat-2 satellite first used SARM over sea ice and a few oceanic regions. Due to SARM’s high performance over open ocean [13,20], the radar altimeters for the Sentinel-3 mission operate in SARM globally. The CryoSat-2 and Sentinel-3 SARM data have been widely used for research over ocean [20,21], sea ice [22], ice sheets [23] and inland [24].



The SAR altimeters for CryoSat-2 and Sentinel-3 missions use a closed burst mode. The radar altimeters transmit bursts composed of 64 pulses and group the received data from a continuous PRF (around 18 kHz) into consecutive sets each of 64 pulses [25,26]. The duration of each burst is about 3.5 ms and the burst repetition interval is about 11.8 ms. Therefore, more than half of the opportunity to make measurements is unused. To avoid the defects of the closed burst SAR mode, the SAR altimeter onboard the Sentinel-6 satellite operates in an interleaved open-burst mode and its PRF is around 9 kHz. The transmitting and receiving pulses are alternately carried out. Interleaved mode could lead to more independent looks and allow SAR and pulse limited data to be gathered simultaneously [27].



Copernicus Sentinel-6 is the new altimetry reference mission to provide global sea level measurements. The Sentinel-6 mission has two satellites. The first one is S6-MF and the second is scheduled to be launched in 2025. Poseidon-4, which is designed to provide SSH, SWH and wind speed data with high precision, is the primary payload of S6-MF. It is the first SAR altimeter that operates in an interleaved open-burst mode.



The Poseidon-4 Level 2 altimetry products are assessed in this study. The SSH assessment is conducted using range noise, SLA spectral analysis and crossover analysis, whereas the SWH and wind speed assessments are performed against NDBC buoy data and other satellite altimetry data. We also present the impacts of ocean waves on range, SWH and sigma0 retrievals from Sentinel-6 altimetry data using the several wave parameters derived from ERA5 re-analysis data.




2. Materials and Methods


2.1. NDBC SWH and Wind Speed Data


The National Data Buoy Center (NDBC) buoy data are applied to evaluate and validate the Sentinel-6 altimeter derived SWH and wind speed. The NDBC SWH and wind speed measurements are available hourly [28,29]. We only used buoys that are more than 50 km from the shoreline to avoid the influence of land. Figure 1 shows the locations of the 78 buoys used in this study. The height of the wind speed measurements by the NDBC buoys is 4 m above the sea surface. However, the wind speed estimated by the altimeter is on a level of 10 m above the surface. For direct comparison of the altimeter and buoy data, the NDBC buoy wind speeds were converted to speeds at 10 m above the sea surface using the methods presented in Durden et al. [30].




2.2. ERA5 Re-analysis Data


ERA5 is the latest global re-analysis data set launched by the European Centre for Medium-Range Weather Forecasts (ECMWF). ERA5 provides the re-analysis data from 1979 to the present and is still being updated. Any user can obtain the ERA5 re-analysis data for free. ERA5 is the successor of ERA-Interim re-analysis [31]. Compared with ERA-Interim, ERA5 has been greatly improved. ERA-Interim’s spatial resolution and temporal resolution are 0.75° and 6 h, respectively. The spatial resolution and temporal resolution of ERA5 are, respectively, 0.25° and 1 h, which are much higher than those of ERA-Interim.



In this study, we aimed to investigate the impacts of ocean waves on range, SWH and sigma0 retrievals from Sentinel-6 altimetry data. The mean zero-crossing wave period (T02), mean wave direction (MWD) and significant height of combined wind waves and swell (SWH) from ERA5 re-analysis are used in this study.




2.3. Satellite Altimetry Data


Sentinel-3A/B and Jason-3 altimetry data were also used to assess and validate the Sentinel-6 altimetry data. Table 1 gives the information of the altimetry data we used.



2.3.1. Sentinel-6 Altimetry Data


Sentinel-6 is a non-Sun-synchronous satellite. Its mean altitude and inclination are 1336 km and 66°, respectively. Poseidon-4 is the main payload of Sentinel-6 and is a SAR altimeter operating at the Ku-band and C-band. The C-band measurements are mainly used for ionospheric corrections. Poseidon-4 can provide measurements of SSH, SWH and wind speed. Poseidon-4 uses an interleaved open burst. More independent looks are obtained compared to the Sentinel-3A/B SAR altimeter and it can reduce the altimeter’s instrument noise.



There are three types of Poseidon-4 L2 products available: near real time (NRT), short time critical (STC) and non-time critical (NTC) products. The disseminations of the NRT, STC and NTC products are respectively due within 2 h, 36 h and 60 days after data acquisition. The Poseidon-4 L2 products contain the geophysical information derived from the altimeter: range, orbital altitude, time, range and geophysical corrections, SWH and wind speed. In this study, we evaluated the Poseidon-4 NTC Level 2 altimetry products from November 2021 to October 2022, focusing on the SSH, SWH and wind speed. Our assessment involves both LRM and SARM data.




2.3.2. Sentinel-3A/B Altimetry Data


Sentinel-3A, launched on 16 February 2016 and Sentinel-3B, launched on 25 April 2018 make up the Sentinel-3 mission. The mean altitude and inclination for Sentinel-3A/B are 815 km and 98.6°, respectively. The repeat cycle of Sentinel-3A/3B is 27 days. The SAR altimeter (SARL) onboard Sentinel-3A/B uses a closed burst. SARL is inherited from the CryoSat-2 radar altimeter.



The SARL NRT, STC and NTC L2 products are available. We used the NTC L2 data downloaded from the EUMETSAT Data Centre. The NTC L2 products contain three data files: “reduced”, “standard” and “enhanced” data files. We used the “enhanced” data in this study. The SARL NTC L2 enhanced products provide 1 Hz measurements as well as 20 Hz measurements.




2.3.3. Jason-3 Altimetry Data


Jason-3, launched on 17 January 2016, is an altimetry reference mission designed to succeed Topex/Poseidon, Jason-1 and Jason-2. These altimetry missions provide sea level measurements from 1992 to the present. Jason-3 is a non-Sun-synchronous satellite. Its mean altitude and inclination are 1336 km and 66°, respectively. The repeat cycle of Jason-3 is 9.9156 days. The radar altimeter onboard Jason-3 is a pulse-limited altimeter that operates in low-resolution mode (LRM).



The latest version of the Jason-3 Geophysical Data Records (GDR-F) data is used in this study. Similar to the Sentinel-3A/B NTC L2 products, the GDR-F products provide both 1 Hz and 20 Hz measurements. Adaptive re-tracking is first used in Jason-3 GDR-F products. The adaptive re-tracking fit from a Brown numerical model takes the real onboard PTR while MLE4 and MLE3 re-tracking used in the Jason-3 GDR-E product fit are taken from a 2nd order Brown analytical model [32]. Besides the adaptive re-tracking, the Jason-3 GDR-F products also contain results from MLE4 and MLE3 re-tracking.





2.4. Data Analysis Methods


The 20 Hz measurement noise is computed as the STD of the valid measurements in a 20 Hz data block. It has been widely applied to satellite altimetry assessments as a standard measure of the precision of the observed parameters [27,33]. In this study, we computed the measurement noise of range, SWH and sigma0 measurements. In addition, the SLA power spectral density (PSD) was computed using the along-track SLA measurements using the periodogram method and the SLA noise was derived from the SLA PSD.



To evaluate the accuracy of the SSH measurements derived from Sentinel-6, we computed the mean and STD of the SSH differences at mono-mission crossovers. The multi-mission cross-calibration assessment was also used to evaluate the SSH measurements using Sentinel-3A/B and Jason-3 altimetry data.



The altimeter-derived SWH and wind speed measurements are generally validated by a comparison against NDBC data. The altimeter and NDBC buoy data should first be collocated. There are many collocation methods that have been used for SWH and wind speed validation. We only selected the altimeter data that are less than 50 km from the buoy position, and their mean value is taken as satellite altimeter data value. Quality control should be conducted before averaging. NDBC SWH or wind speed measurement values are linearly interpolated to the altimeter measurement time. This interpolated NDBC measurement and the averaged altimeter measurement form a single collocation. We only used the collocations whose time difference is less than 0.5 h.



The statistical parameters used in this study are the bias, STD, RMSE and correlation coefficient (R) [34]:
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where N is the number of collocations,    B i    is the NDBC buoy measurement and    S i    is the satellite altimeter measurement. These four statistical parameters are capable of characterizing the error property of the altimeter-derived SWH or wind speed measurements together.





3. Results


3.1. Assessment of Sea Surface Height


3.1.1. Range Noise Analysis


Range is the altimeter-measured distance from the satellite to the sea surface corresponding to the sub-satellite point [35]. The 20 Hz range is obtained by adding the tracking range onboard, the instrument error corrections and the re-tracking correction derived by re-tracking the 20 Hz waveforms. The 1 Hz products are most commonly used in oceanography. Each 1 Hz range is derived from the linear regression of the respective 20 Hz range measurements [35]. The 20 Hz range noise is derived by calculating the STD of the differences between the valid 20 Hz measurements and the derived 1 Hz measurement [27,34,35]. When computing the 20 Hz range noise, the range is not corrected by tropospheric effect, ionospheric effect, sea state bias and tides because their variations within one second are negligible. Assuming that noise in the 20 Hz measurements is independent, the 1 Hz range noise can be estimated by dividing the 20 Hz STD by    N   , where  N  is the valid number of the 20 Hz data used to compute the 1 Hz range.



Figure 2 shows the 20 Hz and 1 Hz range noises estimated from several altimetry missions. The Sentinel-6, Sentinel-3A/B and Jason-3 altimetry data from November 2021 to October 2022 (Sentinel-6 Cycle 37 to Cycle 71) over the global ocean were used to calculate the range noise. However, we removed the data at high latitudes (above 50°) to reduce the influence of sea ice. The range noises increase with the increasing of SWH. When SWH increases, the slope of the leading edge of the altimeter waveform decreases, then the precision in the timing of the mid-point of the leading edge is also reduced [33]. The Sentinel-6 SARM has lower 20 Hz range noise than the Sentiel-3A/B and Jason-3 missions. At 2 m SWH, the 20 Hz range noises of the Sentinel-6 SARM and LRM are 3.07 cm and 6.40 cm, respectively. The 20 Hz range noises of the Sentinel-3A (4.88 cm) and Sentinel-3B (4.86 cm) SARM are almost identical. The Jason-3 adaptive re-tracking (6.55 cm) obtains lower noise than the MLE4 re-tracking (7.12 cm). The 20 Hz range noises derived in this study are close to the preliminary range noise estimates derived from Sentinel-6 Poseidon-4 SARM (3.2 cm) and LRM (6.2 cm) data presented in Donlon et al. [27] (SWH = 2 m, sigma0 = 11 dB).



As shown in Figure 2b, the Sentinel-6 SARM data have the lowest 1 Hz range noise among the six data sets. The 1 Hz range noises for Sentinel-6 SARM, Sentinel-6 LRM, Sentinel-3A SARM, Sentinel-3B SARM, Jason-3 MLE and Jason-3 adaptive re-tracking data are, respectively, 0.70 cm, 1.43 cm, 1.09 cm, 1.08 cm, 1.59 cm and 1.46 cm. On the whole, the range noises derived from SARM are lower than those from LRM. However, the range noise of the Sentinel-6 LRM data is lower than those of Sentinel-3A/B SARM data when SWH is above 6 m.




3.1.2. Sea Level Anomaly (SLA) Spectral Analysis


The along-track SLA spectral analysis has been widely used to assess the altimetry mission’s performance [20,33,36,37]. The SSH derived from the altimeter can be expressed as [38]:


  S S H = H − ( R + Δ  R  c o r r   )  



(5)
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where  H  is the satellite altitude above the reference ellipsoid,  R  is the altimeter range,   Δ  R  d r y     is the dry tropospheric correction,   Δ  R  w e t     is the wet tropospheric correction,   Δ  R  i o n o     is the ionospheric correction,   Δ  R  s s b     is the sea state bias correction,   Δ  R  o c e a n     is the geocentric ocean tide,   Δ  R  s o l i d     is the solid earth tide,   Δ  R  p o l e     is the polar tide and   Δ  R  D A C     is the dynamic atmospheric correction. We used the range corrections provided in the altimetry products. Radiometer wet troposphere correction and filtered dual frequency ionospheric correction were used to calculate the SSH measurements.



The SLA is computed by subtracting the mean sea surface (MSS) from the SSH. We used the CNES-CLS15 MSS model data to calculate the SLA measurements for Sentinel-6, Sentinel-3A/B and Jason-3. In this study, we present the SLA PSD for the 20 Hz and 1 Hz SLA measurements. The SLA PSD is computed on a logarithmic frequency scale. The SLA noise is then derived from the SLA PSD using the method presented in Zanifé et al. [39]. The Sentinel-6, Sentinel-3A/B and Jason-3 altimetry data from January 2022 were used to calculate the SLA PSDs at a global scale.



As shown in Figure 3a, there is a spectral hump on the SLA PSDs of the Sentinel-6 LRM and Jason-3 data when the wavelength is between 30 km and 5 km. However, the hump is absent on the SLA PSDs of the Sentinel-6 and Sentinel-3A/B SARM data. The SARM data have much lower SLA noise than the LRM data due to Doppler processing. The 20 Hz SLA noise is 3.86 cm for the Sentinel-6 SARM, 6.97 cm for Sentinel-6 LRM, 5.59 cm for Sentinel-3A SARM, 5.62 cm for Sentinel-3B SARM, 7.94 cm for Jason-3 MLE4 and 7.23 cm for Jason-3 adaptive re-tracking. The SLA PSDs are estimated at a global scale. Therefore, the SLA noise is related to the global mean sea state. The global mean SWH is around 2.5 cm. We can see that the 20 Hz SLA noises are close to the 20 Hz range noises at 2.5 cm derived in Section 3.1.1.



Figure 3b shows the 1 Hz SLA PSDs. The spectral hump is not visible in the 1 Hz data since the sampling rate (6–7 km) is insufficient to sample the relevant wavenumbers. The 1 Hz SLA noise for Sentinel-6 LRM (3.55 cm) is very close to that for Jason-3 MLE4 (3.51 cm) and slightly higher than that for Jason-3 re-tracking (3.37 cm). The 1 Hz SLA noise for Sentinel-6 SARM (2.64 cm) is very close to those for Sentinel-3A SARM (2.63 cm) and Sentinel-3B SARM (2.65 cm). The 1 Hz SLA noise derived from the PSD represents not only Gaussian noise but also a contribution from the spectral hump affecting the PSD of the 20 Hz LRM data [33,37].




3.1.3. SSH Crossover Analysis


The global SSH crossover analysis is widely applied to evaluate the SSH measurements derived from altimetry data [36]. Mono-mission crossover analysis can be applied to evaluate the consistency of ascending and descending orbits.



The Sentinel-6 SSH crossover differences are averaged to generate gridded maps and shown in Figure 4. The SSH crossover differences are mainly between −2 and 2 cm. Sentinel-6 SARM and LRM maps have similar features in mid- and high-latitude areas. However, there is a clear difference in the figures in a stripe across the equator. The SARM SSH may be affected by wave motion and related wave direction.



The mean and STD of the SSH crossover differences are calculated month per month. To eliminate the influence of sea ice, we only used the data within 50° of north and south latitude. The time window for the crossover differences used in this study is 3 days. As shown in Figure 5a, the SSH biases between ascending and descending tracks for different altimeters are no higher than 1cm and the mean biases are close to zero. Sentinel-6 SARM and LRM have relatively consistent results.



The STD of the SSH differences at mono-mission crossovers can be used to assess the overall altimeter system performance. As shown in Figure 5b, the SARM data have a lower STD than the LRM data on the whole. Sentinel-6 SARM (3.76 cm) has a slightly lower mean STD than Sentinel-3A SARM (4.00 cm) and Sentinel-3B SARM (3.96 cm). The mean STD of SSH crossover differences for Sentinel-6 LRM (4.27 cm) is very close to the values for Jason-3 (4.29 cm for MLE4 re-tracking and 4.27 cm for adaptive re-tracking). The SSH system error could be estimated through the STD of the SSH crossover differences and divided by    2    because of the cumulation of ascending and descending errors (which leads 2.66 cm for Sentinel-6 SARM, 2.83 cm for Sentinel-3A SARM, 2.80 cm for Sentinel-3B SARM, 3.03 cm for Sentinel-6 LRM and Jason-3). Both crossover analysis and SLA PSD analysis can be used to estimate the SSH error. However, the SSH error estimated from crossover analysis may be affected by the time window (3 days used in this study) due to the impact of oceanic variability.



Crossover analysis is also widely used to conduct cross-comparison between different altimetry missions. Temporal variations of the mean and STD of the SSH differences between Sentinel-6 SARM and other missions are presented in Figure 6. The mean value of the SSH differences between Sentinel-6 SARM and Jason-3 has a jump from April 2022 to May 2022 due to the change in the Sentinel-6 processing baseline (from F05 to F06). There is a bias more than 2 cm between Jason-3 MLE4 and adaptive re-tracking. The mean value of the SSH differences between Sentinel-6 SARM and Sentinel-3A/B SARM has a jump from June 2022 to July 2022 because the processing baseline of Sentinel-3 changed from P2.68 to P2.79. The STDs of the SSH differences between Sentinel-6 SARM and other missions are all lower than 4.4 cm and the mean STD is 4.08 cm for Sentinel-3A SARM, 4.03 cm for Sentinel-3B SARM, 4.22 cm for Jason-3 MLE4 re-tracking and 4.18 cm for Jason-3 adaptive re-tracking. Figure 7 shows the results for the Sentinel-6 LRM data. As show in Figure 7a, the Sentinel-6 processing baseline changing from F05 to F06 does not change the Sentinel-6 LRM SSH biases. The mean SSH differences between Sentinel-6 LRM and Jason-3 are stable with a mean bias of 0.89 cm for Jason-3 MLE4 re-tracking and 3.42 cm for Jason-3 adaptive re-tracking. The mean STD of the SSH differences between Sentinel-6 LRM and Sentinel-3A/B SARM is around 4.3 cm, slightly lower than that for Jason-3 (around 4.45 cm).





3.2. Assessment of SWH and Wind Speed


3.2.1. SWH and Sigma0 Noise Analysis


SWH and wind speed provided by Sentinel-6 are important products for ocean applications. In addition, the sea state bias correction for the calculation of the SSH is usually computed using the SWH and wind speed measurements. The altimeter measured wind speed is computed using the SWH and backscatter coefficient (sigma0) measurements. Therefore, we first analyze the SWH and sigma0 noises. The 20 Hz SWH or sigma0 noise is obtained by computing the STD of the 20 Hz SWH or sigma0 measurements within one second.



Figure 8 presents the noises of 20 Hz SWH and sigma0 noises. The data from November 2021 to October 2022 (Sentinel-6 Cycle 37 to Cycle 71) over the global ocean (latitude < |50|°) were used to calculate the SWH and sigma0 noises. Sentinel-6 SARM has lower SWH noise than Sentinel-3A/B SARM and Jason-3 MLE4 re-tracking. Sentinel-6 SARM has higher SWH noise than Sentinel-6 LRM only when SWH is above 8 m. Jason-3 adaptive re-tracking has the lowest SWH noise, even lower than Sentinel-6 SARM. When SWH is 2 m, the 20 Hz SWH noise is 23.04 cm for Sentinel-6 SARM, 41.53 cm for Sentinel-6 LRM, 37.82 cm for Sentinel-3A SARM, 37.67 cm for Sentinel-3B SARM, 48.89 cm for Jason-3 MLE4 re-tracking and 22.01 cm for Jason-3 adaptive re-tracking.



As shown in Figure 8b, the SARM data have lower sigma0 noise than the LRM data. Sentinel-6 SARM has much lower 20 Hz sigma0 noise than Sentinel-6 LRM and slightly lower noise than Sentinel-3A/B SARM. The 20 Hz sigma0 noise of Sentinel-6 LRM is lower than Jason-3 MLE4 re-tracking but higher than Jason-3 adaptive re-tracking. When SWH is 2 m, the 20 Hz sigma0 noise is 0.06 dB for Sentinel-6 SARM, 0.27 dB for Sentinel-6 LRM, 0.09 dB for Sentinel-3A SARM, 0.09 dB for Sentinel-3B SARM, 0.37 dB for Jason-3 MLE4 re-tracking and 0.12 dB for Jason-3 adaptive re-tracking.




3.2.2. Comparison against NDBC Data


Figure 9 shows the scatterplots of Sentinel-6, Sentinel-3A/B and Jason-3 SWH measurements against the NDBC buoys. The red solid lines show the linear regressions obtained from the measurements. The valid number of the collocations is 1631 for the Sentinel-6 SARM, 1652 for Sentinel-6 LRM, 1523 for Sentinel-3A SARM and 1587 for Sentinel-3B SARM, 1617 for Jason-3 MLE4 re-tracking and 1620 for Jason-3 adaptive re-tracking. Sentinel-6 SARM SWH measurements have an RMSE of 0.361 m with a positive bias of 0.254 m, which is higher than Sentinel-6 LRM (RMSE: 0.225 m, bias: 0.004 m). The results for Sentinel-3A SARM measurements (RMSE: 0.284 m, bias: 0.093 m) are close to those for the Sentinel-3B SARM measurements (RMSE: 0.271 m, bias: 0.104 m). Jason-3 adaptive re-tracking measurements have the lowest RMSE (0.192 m) among the six data sets and almost no bias. The RMSE (0.241 m) of the Jason-3 MLE4 re-tracking measurements is close to the that of Sentinel-6 LRM measurements. The biases and STDs for the SARM measurements are higher than those for the LRM measurements on the whole.



To examine the dependency of the bias (altimeter minus buoy) between altimeter and buoy measurements, the number of collocations, bias and STDs are calculated within each 1 m buoy SWH bin from 0 to 10 m and presented in Figure 10. The histogram shows the number of collocations, the dotted line represents the trend of the bias and the error bar indicates the STD in each bin. Sentinel-6 SARM has positive biases at all SWH ranges. When SWH is below 4.5 m, the biases and STDs of Sentinel-6 SARM SWH increase with the increase in SWH. The SWH biases for Sentinel-6 LRM are close to 0 when SWH is below 4.5 m. Jason-3 MLE4 and Jason-3 adaptive re-tracking SWH measurements have similar results as Sentinel-6 LRM. Sentinel-3A and Sentinel-3B SWH measurements have higher biases than Sentinel-6 LRM but lower biases than Sentinel-6 SARM. When SWH is above 4.5 m, both Sentinel-6 SARM and Sentinel-6 LRM have relatively large biases.



Figure 11 shows the scatterplots of Sentinel-6, Sentinel-3A/B and Jason-3 wind speed measurements against the collocated NDBC buoys. There are 1645, 1663, 1452, 1510, 1536 and 1537 collocations for Sentinel-6 SARM, Sentinel-6 LRM, Sentinel-3A SARM, Sentinel-3B SARM, Jason-3 MLE4 re-tracking and Jason-3 adaptive re-tracking, respectively. The bias, STD, RMSE and R for the Sentinel-6 SARM measurements are -0.155 m/s, 1.206 m/s, 1.216 m/s and 0.937, respectively. The results for Sentinel-3A SARM (bias: −0.124 m/s, STD: 1.204 m/s, RMSE: 1.210 m/s) and Sentinel-3B SARM (bias: -0.220 m/s, STD: 1.200 m/s, RMSE: 1.220 m/s) are close to Sentinel-6 SARM. The bias, STD and RMSE of the Sentinel-6 LRM measurements are -0.067 m/s, 1.321 m/s and 1.323 m/s, respectively. Jason-3 MLE4 re-tracking measurements have a slightly higher RMSE (1.386 m/s) than Jason-3 adaptive re-tracking (1.339 m/s) but their biases are very close to each other. The biases and STDs for the SARM measurements are lower than those for the LRM measurements on the whole. Results in Yang et al. [40] also show that Sentinel-3A/3B (1.23 m/s) SARM wind speed measurements have lower RMSEs than Jason-3 (1.43 m/s) when compared against NDBC buoy measurements.



The differences in wind speed between of the altimeters and the buoys were analyzed as a function of wind speed, and the biases and STDs of the wind speed differences are illustrated with intervals of 1 m/s in Figure 12. The STDs for the SARM measurements are slightly lower than those for the LRM measurements. When wind speed is above 7.5 m/s, Sentinel-6 SARM and Sentinel-3A/B SARM have negative biases. The biases for Sentinel-6 LRM, Jason-3 MLE4 re-tracking and Jason-3 adaptive re-tracking are close to zero.




3.2.3. Comparison against Other Satellites


As shown in Figure 1, the spatial coverage of the NDBC buoys is poor and irregular, especially for the open ocean areas. Therefore, cross-comparison with other altimeters over the global ocean is necessary. In this study, we conducted a crossover comparison between Sentinel-6 and Sentinel-3A/B and Jason-3. To derive the collocated data, we computed the crossovers and then selected the crossovers, the time differences of which are no more than 0.5 h.



Figure 13 and Figure 14 show the SWH comparisons of Sentinel-6 against three other altimetry missions. Figure 13 presents the results for Sentinel-6 SARM measurements while Figure 14 presents Sentinel-6 LRM measurements. The agreement between Sentinel-6, Sentienl-3 and Jason-3 SWH measurements is very good and the correlation coefficients are all higher than 0.99. After 25 April 2022, there is no crossover whose time difference between Sentinel-6 and Jason-3 is less than 0.5 h because Jason-3 has changed to the interleaved position on the reference orbit. We can see that the Sentinel-6 LRM SWH data are more consistent with other missions than the Sentinel-6 SARM data. When compared to the Sentinel-6 SARM data, the RMSE is 0.315 m for Sentinel-3A SARM, 0.309 m for Sentinel-3B SARM, 0.489 m for Jason-3 MLE4 re-tracking and 0.524 m for Jason-3 adaptive re-tracking. As for the Sentinel-6 LRM data, the RMSE is reduced to 0.215 m for Sentinel-3A SARM, 0.224 m for Sentinel-3B SARM, 0.135 m for Jason-3 MLE4 re-tracking and 0.122 m for Jason-3 adaptive re-tracking.



Figure 15 and Figure 16 show wind speed comparisons of Sentinel-6 against three other altimetry missions. Figure 15 and Figure 16 are for Sentinel-6 SARM and LRM, respectively. When compared to the Sentinel-6 SARM, Jason-3 adaptive re-tracking (0.381 m/s) has the lowest RMSE while Jason-3 MLE4 re-tracking (0.811 m/s) has the largest RMSE among the four data sets. The biases and RMSEs for Sentinel-3A SARM (0.685 m/s) and Sentinel-3B SARM (0.647 m/s) are similar. As for the Sentinel-6 LRM, the RMSE is 0.839 m/s for Sentinel-3A SARM, 0.886 m/s for Sentinel-3B SARM, 0.423 m/s for Jason-3 MLE4 re-tracking and 0.682 m/s for Jason-3 adaptive re-tracking.





3.3. Impact of Ocean Waves on Parameter Retrievals from Sentinel-6 SARM Data


SARM has much higher along-track resolution (~300 m) than LRM. The ocean waves whose wavelength is a few hundred meters are not able to be fully measured in a ground strip. Therefore, the shape of the SARM waveforms may be distorted. This affects the final retrievals of parameters for the SAR altimeter. Moreau et al. [41] found that the long wavelength ocean wave can affect the SWH retrieval for the SAR altimeter through CryoSat-2 and simulation data analysis. In addition, the Doppler frequency of the radar signal can be affected by the ocean waves’ motion [42]. Egido et al. [43] analyzed the impact of the ocean waves’ motion on the SAR altimeters measurements using theoretical analysis and simulations. Surface motion increases the SWH bias. The noise in the range and SWH increases with the wavelength even if the surface is static. Amarouche et al. [44] analyzed the impact of waves’ motion on the SAR altimeters using Sentinel-3 real data analysis. Very good agreement has been found between the Sentinel-3 data analysis and theoretical analysis and simulations.



In this study, we aim to analyze the impact of ocean waves on range, SWH and sigma0 retrievals from Sentinel-6 SARM data. Several wave parameters (SWH, T02 and MWD) are derived from ERA5 re-analysis to assess the impact linked to time evolution of the short and long wavelengths but also to significant slope (correlated with vertical velocity).



The spectral moments are defined as [44,45]


   m x  =   ∬   f x  S ( f , ϕ )    d f d ϕ  



(7)




where   S ( f , ϕ )   is the wave direction spectrum.



SWH is the mean of the highest third of wave heights and defined as


  S W H = 4    m 0     



(8)







T02 is the mean time interval between zero up-crossings and defined as


   T  02   = 2 π      m 0     m 2       



(9)







The spectral wave steepness (WST) is calculated using SWH and T02:


  W S T =   2 π S W H   g  T  02     2     



(10)







Figure 17 shows the Sentinel-6 range, SWH and sigma0 differences between the SARM and LRM estimations. The range difference increases with the increase in SWH but variations with T02 and WST are not clearly visible. The SWH difference increases with the increase in SWH and variations with T02 and WST are clearly visible. For a given SWH, the SWH differences with T02 and WST may vary by as much as 5–20 cm. When SWH is less than 3 m, the sigma0 difference increases with SWH and variations with T02 and WST are clearly visible. Above 3 m of SWH, the sigma0 difference increases with the increase in SWH but variations with T02 and WST are not obvious. As shown in Amarouche et al. [44], effects of vertical velocity are dominant at high wave steepness values or low wave period values while effects of long wavelengths are dominant at low wave steepness values and high wave period values. For a given SWH value, when the wave period increases, the wavelength also increases, then the SWH bias decreases. On the other hand, when the wave steepness increases, the vertical velocity increases, which leads to the increase in the horizontal Doppler shift, then the SWH bias increases.



Figure 18 and Figure 19 show the STDs of 20 Hz range, SWH and sigma0 measurements derived from Sentinel-6 SARM and LRM data. For small SWH values (<3 m), the STDs of the 20 Hz range, SWH and sigma0 measurements derived from SARM and LRM depend on SWH, T02 and WST. Large variations with respect to T02 and WST are observed. Above 3 m of SWH, the STDs of the 20 Hz range and SWH measurements derived from SARM depend on SWH, T02 and WST and variations with T02 and WST are clearly visible. For the LRM data, variations of the STDs of the range and SWH measurements with T02 and WST are not clearly visible. The STDs of the 20 Hz sigma0 measurements have nearly no variations with SWH and T02 for both SARM and LRM data. For a given SWH value, when the wave period increases, the wavelength and swell effects also increase, then the range noise and SWH variability increase. On the other hand, when the wave steepness increases, the vertical velocity increases and swell effects decrease, then the range noise and SWH variability decrease.



Figure 20 shows the STDs of the 20 Hz range, SWH and sigma0 measurements for different relative azimuth directions and T02 values. The relative azimuth direction is computed by subtracting the satellite flight direction from the ERA5 mean wave direction [46]. A second-order harmonic fit (  a 0 + a 1 cos  ( z )  + a 2 cos  (  2 z  )   ) is conducted and presented in the figure. Besides SWH and T02, the STDs of the 20 Hz SARM range and SWH measurements also depend on the relative azimuth direction. The STDs of the 20 Hz SARM range and SWH measurements are higher when the wave propagation direction is parallel to the satellite flight direction than those when the two directions are perpendicular. The reason for this phenomenon is that the footprint of SARM is asymmetric. The 20 Hz STDs of Sentinel-6 LRM range and SWH are less sensitive to the relative azimuth direction because the footprint of LRM is circularly symmetric. Unlike range and SWH, variations of the STDs of the 20 Hz SARM and LRM sigma0 measurements with the relative azimuth direction are not clearly visible. Similar results can be found in Xu et al. [46], which analyzes the influence of the anisotropic effects of the ocean wave surface on SAR altimetry backscatter coefficient measurements.





4. Discussion


Poseidon-4 onboard S6-MF is the first SAR altimeter that uses an interleaved mode. In this study, we assessed the Sentinel-6 SARM and LRM products for the SSH, SWH and wind speed measurements.



We first assessed the SSH measurements using range noise, SLA PSD and crossover analysis. The 20 Hz range noise at 2 m SWH is 3.07 cm for Sentinel-6 SARM data and 6.40 cm for Sentinel-6 LRM data. A value of 0.70 cm is obtained for the Sentinel-6 SARM 1 Hz range noise, which is better than the value for Sentinel-3A/B SARM (1.08 cm), Jason-3 MLE4 re-tracking (1.59 cm) and Jason-3 adaptive re-tracking (1.46 cm) at 2 m SWH. The SLA PSD analysis shows that the Sentinel-6 SARM data have lower range noise than the other three missions. Crossover analysis results also show that the Sentinel-6 SARM data have good performance. The STD of the Sentinel-6 SARM SSH differences at crossovers over the ocean is 3.76 cm, which is slightly lower than those for Sentinel-3A SARM (4.00 cm) and Sentinel-3B SARM (3.96 cm). The STD of the SSH crossover difference for Sentinel-6 LRM (4.27 cm) is very close to the value for Jason-3 MLE4 re-tracking (4.29 cm) and Jason-3 adaptive re-tracking (4.27 cm).



We then assessed the SWH and wind speed measurements in terms of noise, comparison against NDBC buoy data and other altimetry missions. The SWH noise for Sentinel-6 SARM data is better than the value for Sentinel-3A SARM and Sentinel-3B SARM but higher than Jason-3 adaptive re-tracking data. When compared to the NBDC SWH measurements, the Sentinel-6 SARM has an RMSE of 0.361 m with a positive bias of 0.254 m. The RMSE for Sentinel-6 SARM data is higher than Sentinel-3A SARM (RMSE: 0.284 m, bias: 0.093 m) and Sentine-3B SARM (RMSE: 0.271 m, bias: 0.104 m) data due to its higher bias. The Sentinel-6 LRM data have an RMSE of 0.225 m with a bias of 0.004 m, which is close to the Jason-3 MLE4 re-tracking (RMSE: 0.241 m, bias: 0.026 m) and higher than the Jason-3 adaptive re-tracking (RMSE: 0.192 m, bias: 0.006 m) data. The sigma0 noise for the Sentinel-6 SARM data is the lowest among the six data sets. When compared to the NBDC wind speed measurements, the Sentinel-6 SARM has an RMSE of 1.216 m/s with a negative bias of 0.155 m/s, which is close to the value for Sentinel-3A SARM data (RMSE: 1.210 m/s, bias: −0.124 m/s) and Sentinel-3B SARM (RMSE: 1.220 m/s, bias: −0.220 m/s), Sentinel-6 LRM (RMSE: 1.323 m/s, bias: -0.067 m/s), Jason-3 MLE4 re-tracking (RMSE: 1.386 m/s, bias: 0.017 m/s) and Jason-3 adaptive re-tracking (RMSE: 1.339 m/s, bias: 0.010 m/s) data. Comparison against other missions indicates that the SWH and wind speed measurements derived from the Sentinel-6 SARM and LRM data have good consistency with those derived from other altimetry missions.



We also analyzed the impacts of ocean waves on range, SWH and sigma0 retrievals from Sentinel-6 SARM data. SWH and sigma0 differences between the SARM and LRM data both highly depend on SWH, T02 and WST while the range difference is highly dependent on SWH but not highly dependent on T02 and WST. The 20 Hz SARM range and SWH STDs are highly dependent on SWH, T02 and WST. Furthermore, the 20 Hz SARM range and SWH also depend on the relative azimuth direction (higher range and SWH STDs are observed when the wave propagation direction is parallel to the satellite flight direction).




5. Conclusions


The S6-MF satellite was launched on 21st November 2020. Poseidon-4 onboard S6-MF is the first SAR altimeter that uses an interleaved mode. The interleaved mode performs a near continuous transmission of Ku-band pulses, that allows SAR and pulse limited data to be gathered simultaneously. In this study, we assessed the Sentinel-6 SARM and LRM products for the SSH, SWH and wind speed measurements. Results show the good performance of the Sentinel-6 SSH measurements. The Sentinel-6 SARM data have a lower 20 Hz range noise level than Sentinel-3A/B SARM, Sentinel-6 LRM and Jason-3 data. The STD of the SSH differences at crossovers for Sentinel-6 SARM is lower than the value for Sentinel-3A/B SARM, Sentinel-6 LRM and Jason-3. Comparison against NDBC SWH measurements shows that the Sentinel-6 SARM has a higher RMSE with respect to Sentinel-3A/B SARM, Sentinel-6 LRM and Jason-3. Comparison against NDBC wind speed measurements shows that the RMSE for Sentinel-6 SARM is close to Sentinel-3A/B SARM and lower than Sentinel-6 LRM and Jason-3. However, the range, SWH and sigma0 retrievals from Sentinel-6 SARM data are sensitive to SWH, T02, WST and relative azimuth direction. The Sentinel-6 SARM data’s sensitivity to long wavelength and vertical velocity should be paid attention to in the future.
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Figure 1. Locations of the NDBC buoys used in this study. 
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Figure 2. Sentinel-6 (a) 20 Hz and (b) 1 Hz range noises and their comparisons with Sentinel-3A/B and Jason-3 missions. 
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Figure 3. Sea level anomaly spectra of Sentinel-6 (a) 20-Hz SLA and (b) 1 Hz SLA and their comparisons with Jason-3 and Sentinel-3A/B missions. 
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Figure 4. Maps of Sentinel-6 SSH crossover differences for (a) SARM and (b) LRM from November 2021 to October 2022 (Cycle 37 to Cycle 71). 
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Figure 5. Month per month monitoring of (a) mean and (b) STD of SSH crossover differences for Sentinel-6, Sentinel-3A/B and Jason-3. 
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Figure 6. Month per month monitoring of the (a) mean and (b) STD of the SSH differences computed at Sentinel-6 (SARM) and Sentinel-3A/B and Jason-3 crossovers. 
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Figure 7. Month per month monitoring of the (a) mean and (b) STD of the SSH differences computed at Sentinel-6 (LRM) and Sentinel-3A/B and Jason-3 crossovers. 
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Figure 8. Sentinel-6 20 Hz (a) SWH noise and (b) sigma0 noise and their comparisons with Sentinel-3A/B and Jason-3 missions. 
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Figure 9. Scatterplots of (a) Sentinel-6 SARM, (b) Sentinel-6 LRM, (c) Sentinel-3A SARM, (d) Sentinel-3B SARM, (e) Jason-3 MLE4 and (f) Jason-3 adaptive SWH measurements against the collocated NDBC buoys. 
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Figure 10. Bias dependency of altimeters and buoy SWH measurements for (a) Sentinel-6 SARM, (b) Sentinel-6 LRM, (c) Sentinel-3A SARM, (d) Sentinel-3B SARM, (e) Jason-3 MLE4 and (f) Jason-3 adaptive SWH measurements. 






Figure 10. Bias dependency of altimeters and buoy SWH measurements for (a) Sentinel-6 SARM, (b) Sentinel-6 LRM, (c) Sentinel-3A SARM, (d) Sentinel-3B SARM, (e) Jason-3 MLE4 and (f) Jason-3 adaptive SWH measurements.
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Figure 11. Scatterplots of (a) Sentinel-6 SARM, (b) Sentinel-6 LRM, (c) Sentinel-3A SARM, (d) Sentinel-3B SARM, (e) Jason-3 MLE4 and (f) Jason-3 adaptive wind speed measurements against the collocated NDBC buoys. 
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Figure 12. Bias dependency of altimeters and buoy wind speed measurements for (a) Sentinel-6 SARM, (b) Sentinel-6 LRM, (c) Sentinel-3A SARM, (d) Sentinel-3B SARM, (e) Jason-3 MLE4 and (f) Jason-3 adaptive wind speed measurements. 
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Figure 13. Scatterplots of Sentinel-6 SWH measurements in SARM against (a) Sentinel-3A SARM, (b) Sentinel-3B SARM, (c) Jason-3 MLE-4 and (d) Jason-3 adaptive re-tracking measurements. 
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Figure 14. Scatterplots of Sentinel-6 SWH measurements in LRM against (a) Sentinel-3A SARM, (b) Sentinel-3B SARM, (c) Jason-3 MLE-4 and (d) Jason-3 adaptive re-tracking measurements. 






Figure 14. Scatterplots of Sentinel-6 SWH measurements in LRM against (a) Sentinel-3A SARM, (b) Sentinel-3B SARM, (c) Jason-3 MLE-4 and (d) Jason-3 adaptive re-tracking measurements.



[image: Remotesensing 15 00012 g014]







[image: Remotesensing 15 00012 g015 550] 





Figure 15. Scatterplots of Sentinel-6 wind speed measurements in SARM against (a) Sentinel-3A SARM, (b) Sentinel-3B SARM, (c) Jason-3 MLE-4 and (d) Jason-3 adaptive re-tracking measurements. 
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Figure 16. Scatterplots of Sentinel-6 wind speed measurements in LRM against (a) Sentinel-3A SARM, (b) Sentinel-3B SARM, (c) Jason-3 MLE-4 and (d) Jason-3 adaptive re-tracking measurements. 






Figure 16. Scatterplots of Sentinel-6 wind speed measurements in LRM against (a) Sentinel-3A SARM, (b) Sentinel-3B SARM, (c) Jason-3 MLE-4 and (d) Jason-3 adaptive re-tracking measurements.
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Figure 17. Bin-averaged values of Sentinel-6 (SARM minus LRM) (a,b) range, (c,d) SWH and (e,f) sigma0 against ERA5 SWH estimates for different T02 (left) and WST (right) values. 
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Figure 18. STDs of 20 Hz Sentinel-6 SARM (left) and LRM (right) range, SWH and sigma0 against ERA5 SWH estimates for seven different T02 values. 
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Figure 19. STDs of 20 Hz Sentinel-6 SARM (left) and LRM (right) range, SWH and sigma0 against ERA5 SWH estimates for seven different WST values. 
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Figure 20. STDs of 20 Hz Sentinel-6 SARM (left) and LRM (right) range, SWH and sigma0 against ERA5 SWH estimates for different relative azimuth direction and T02 values. 
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Table 1. Information of the satellite altimetry data used.
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	Satellite
	Inclination

(°)
	Repeat Period

(days)
	Data Type
	Radar Mode
	Source





	Sentinel-6
	66.0
	9.9
	L2 NTC
	SAR (Open Burst)

/LRM
	EUMETSAT



	Sentinel-3A
	98.6
	27
	L2 NTC
	SAR (Closed Burst)
	EUMETSAT



	Sentinel-3B
	98.6
	27
	L2 NTC
	SAR (Closed Burst)
	EUMETSAT



	Jason-3
	66.0
	9.9
	GDR-F
	LRM
	AVISO
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