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Abstract

:

Calibration/Validation (Cal/Val) of satellite altimeters is fundamental for monitoring onboard sensor performance and ensuring long-term data quality. As altimeter technology has been evolving rapidly from profile to wide swath and interferometric altimetry, different requirements regarding Cal/Val have emerged. Most current Cal/Val technology has been developed for conventional profile altimeters, whereby satellite observations are compared against measurements at one point along orbit lines. However, the application of this type of Cal/Val technique to swath interferometric altimeters with two-dimensional measurements is difficult. Here, we propose a new strategy for the evaluation of interferometric altimeters based on comparison of wave-induced sea surface elevation (WSSE) spectra from one- and two-dimensional measurements. This method assumes that the WSSE variance of an equilibrium wave field is uniform and can be measured equivalently in the space or time domains. The method was first tested with simulated data and then used to evaluate the performance of an airborne interferometric radar altimeter system (AIRAS) using Global Navigation Satellite System (GNSS) buoy measurements. The differences between the WSSE variances from the AIRAS and two GNSS buoys were below 8 cm2, corresponding to a standard deviation of 2.8 cm, which could serve as a reference for the WSSE error over the scale range of waves. The correlation coefficient between the AIRAS and GNSS buoys was approximately 0.90, indicating that the error was small relative to the WSSE signals. In addition, the sea surface height (SSH) difference measured by the AIRAS was compared with that derived from the GNSS buoys at two sites. The results indicated that the error of the SSH difference was 3 cm. This approach represents a possible technique for the Cal/Val of future spaceborne/airborne interferometric altimeters; however, additional experiments and applications are needed to verify the feasibility of this method.
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1. Introduction


Monitoring of altimetry products through calibration and validation (Cal/Val) is essential for detecting any biases and trends in satellite observations and thus for ensuring long-term consistency and continuity of measurements obtained from different missions [1]. There are four principal long-running Cal/Val sites around the world: (1) the Harvest platform site operated by the Jet Propulsion Lab/NASA (USA) [2,3,4,5], (2) the Corsica site run by the French Space Agency (CNES) [6,7,8,9,10], (3) the Crete/Gavdos site managed by the Technical University of Crete (Greece) and the European Space Agency [11,12,13], and (4) the Bass Strait site in Australia run by the University of Tasmania [14,15,16]. In China, the Qianli Yan site in the Yellow Sea off the coast of Qingdao has also been operated in support of the Chinese HY-2 satellite altimeter as well as the Jason, Envisat, and Sentinel-3 series of satellites [17,18,19]. In addition, Cal/Val sites such as the one on Lake Issykul, Kyrgyzstan, where certain oceanic error sources are reduced, are also used to provide altimeter biases [20,21,22,23]. The main Cal/Val methods applied at the above sites are based on comparison of altimetry-derived sea surface height (SSH) with ground-based measurements determined using in situ tide gauges, precise positioning, and/or Global Navigation Satellite System (GNSS) buoys [24]. These techniques have worked well in along-track calibration of conventional nadir altimeters for more than 25 years [5].



Since the 1970s, satellite altimetry technology has improved gradually in terms of both spatiotemporal resolution and accuracy. Resolution can be roughly classified into three evolution phases: the “diamond” (1970–1980s), “grid” (1990–2010), and “pixel” (2020s onward) resolution phases [25]. In 2021, a new type of altimeter is scheduled for launch (e.g., in the surface water and ocean topography (SWOT) mission) that will be able to realize “pixel” resolution over wide swaths of approximately 120 km [26,27,28]. Similarly, China’s new “Guanlan” science mission, designed with a dual-frequency (Ku-band and Ka-band) interferometric altimeter and an ocean lidar sensor, will advance oceanic remote sensing [25]. Until now, existing Cal/Val technologies have all been designed to serve profile altimeters that measure the sea surface only at nadir points. However, conventional calibration methods with Cal/Val sites at a single fixed point cannot fully satisfy the needs for calibrating wide-swath interferometric altimeters. Consequently, calibration of SWOT-like missions requires new Cal/Val methods.



For the SWOT mission, an additional profile altimeter will provide effective Cal/Val of the Ka-band radar interferometer at wavelengths longer than 120 km [26,29,30]. At wavelengths shorter than 120 km, an airborne radar interferometer (AirSWOT) using the same SWOT technology of wide-swath interferometry has been developed to measure the two-dimensional high-resolution SSH over the swath covered by the satellite [31,32]. However, proper operation of the AirSWOT still requires the support of in situ Cal/Val facilities such as GNSS buoys, gliders, and moorings [26]. In addition to the AirSWOT, a novel observing system simulation experiment was performed for the calibration of SSH determined by a wide-swath interferometric altimeter [33]. The SSH wavenumber spectrum was compared using simulated arrays of at least 20 station-keeping gliders or moorings under the wide-swath coverage. Then, the observing system simulation experiment was gradually improved by adding a multiscale data assimilation system [34]. However, it should be noted that such operations would encounter practical difficulties when performed in the real ocean.



The Cal/Val activity for the Chinese Guanlan science mission also represents a challenging and demanding task. Comprehensive in situ Cal/Val arrays, including GNSS buoys, gliders, moorings, pressure-inverted echo sounders, and coastal tide gauges, will be integrated to fulfil the Cal/Val requirements of the Guanlan mission for simultaneous high-resolution SSH retrievals over 166-km-wide swaths [25]. In addition to the Guanlan mission, an experimental interferometric altimeter sensor has already been deployed onboard the Tiangong-2 Space Laboratory, which collected high-resolution (40 m) SSH data in a swath approximately 20–40 km wide during 2016–2019 [35]. However, reports on the Cal/Val of the Tiangong-2 interferometric altimeter are rare.



In this paper, we report on a Cal/Val experiment of an airborne interferometric radar altimeter system (AIRAS) designed as an engineering test prototype for the future Guanlan science mission. This experiment used in situ SSH data collected by GNSS buoys and other sources such as tide gauges, wave buoys, and weather stations that were provided by a national oceanic observation station in Qingdao. The advantage of GNSS buoy data over station data is that buoys can be deployed in target areas along the track of the airborne or satellite platforms, which is vital for the Cal/Val of high-resolution interferometric altimetry data. Previous studies have illustrated the possibility of using wavenumber comparisons in the space domain using by a network of station-keeping glider data to achieve such altimetry calibration [33]. However, there is still a critical question of how to calibrate the interferometric altimeter measurements in the space domain by GNSS or other buoy measurements which are in the time domain. To tackle this problem, we divided the Cal/Val of the AIRAS into two parts: the relative SSH difference between the two GNSS buoy locations and the wave-induced sea surface elevation (WSSE) directly above the GNSS buoy locations. For the WSSE, we deduced a mathematical transform that could unify the power spectral density from space and time domains, which makes this comparison and calibration possible. To illustrate the feasibility of the proposed method, a simulation of wind-generated sea surface elevation was tested using the Pierson–Moskowitz wave spectrum [36]. For the relative SSH signal between the different locations of GNSS buoys, which is related primarily to the SSH difference caused by the geoid slope, we used a low-pass filter to remove part of the ocean wave signal in the GNSS buoy and AIRAS measurements. Then, the SSH difference observed by the AIRAS could be assessed using data from the GNSS buoys at two different locations.



Our research provides a solution to the problem of Cal/Val of airborne interferometric altimeters, which is a prerequisite step in the calibration of spaceborne interferometric altimeters [26]. We also proved that the AIRAS could measure small-scale wind-induced gravity waves with high accuracy, in addition to the determination of relative SSH variation. This work was undertaken within the scope of the Cal/Val activities for the future Guanlan science mission.




2. Basic Description of the Validation Campaign


The main purpose of the airborne experiment was to verify the concept of interferometry. The flight height of the aircraft was set to 3000 m to maintain both a low noise level and a high signal-to-noise ratio. Therefore, the swath width was approximately only 1 km (determined by the flight height). Because the positioning accuracy of the aircraft and that of the GNSS buoys decreased with distance from the GNSS reference stations on land, the aircraft was flown at a maximum distance of 20 km from the coast and the in situ Cal/Val GNSS buoys were deployed within approximately 10 km. The water depth being only 25 m in this shallow sea, the SSH signals seen at this scale mainly reflect sea surface changes caused by ocean waves and wind setup effects (the submesoscale signals are relatively small). We chose to conduct Cal/Val by studying the wave field.



Figure 1 shows the area of the Yellow Sea off the coast of Qingdao chosen for the field test, and the location of a nearby national oceanic observation station (XiaoMaiDao, XMD). This site was considered ideal for assessment of the AIRAS capacity to detect ocean dynamic signals of WSSE because it is a well-studied sea area populated with many oceanographic sensors operated by various institutes and national stations. It is also ideal for assessment of the capacity of the AIRAS to observe the SSH difference between different locations because the slope of the mean sea surface (MSS) within the area is approximately 3 cm/km (Figure 2).



The airborne campaign took place on March 31, 2019. It was coordinated by both the Qingdao National Laboratory for Marine Science and Technology and the Ocean University of China. The Beijing Institute of Radio Measurement designed the AIRAS hardware and modified one YUN-5 aircraft to carry the AIRAS instrument together with the airborne GNSS and inertial navigation system. The flight path of the aircraft is shown by the black line in Figure 1. As can be seen, the plan was for the aircraft to pass over stations XMD and XGD (XiaoGongDao) and to fly up to 20 km away from the coastline. Two GNSS reference stations were deployed at stations XMD and XGD to aid processing of the GNSS buoy and airborne GNSS data. The AIRAS aircraft position was determined using an airborne GNSS receiver operating at a sampling rate of 1 Hz, together with its inertial navigation system operating at 200 Hz. The AIRAS SSH data were collected over the XMD area, both on land and sea, at a flight height of 3000 m. Over the ocean, the SSH observations were collected with 0.3-m resolution, depending on flight height. The swath coverage (approximately 1-km width) of this airborne campaign is illustrated by the gray shading in Figure 1.



Two GNSS buoys, separated by a distance of 9 km, were deployed in the sea area of the AIRAS observation, which provided 1-Hz SSH data. After completion of the AIRAS campaign, GNSS buoy 1 was moved by ship to the location of buoy 2 to conduct cross validation of the buoys. In addition, tide gauge, wave buoy, and weather station data were also collected during this campaign. All these data helped with evaluation of the sea state conditions and provided suitable filters for the GNSS buoy measurements.




3. The AIRAS and in Situ Data


3.1. The Principle of AIRAS Measurements


Based on the interferometric synthetic aperture radar (InSAR) technique, we designed an imaging altimeter that could observe swaths of sea surface height extending from one to hundreds of kilometers with a small incidence angle (usually within 10   ∘  ) near nadir. The AIRAS is designed for high-accuracy elevation mapping and this study marked the first time it was used to map two-dimensional SSH.



The principle of such a measurement technique, similar to InSAR sensors, is shown in Figure 3, where   A 1   is the main antenna,   A 2   is the auxiliary antenna, B is the baseline length, and  α  is the baseline roll angle. The orbital altitude above the reference ellipsoid of   A 1   is H and the angle of incidence relative to target point P on the sea surface is  θ . Here,   Δ r   is the range difference between the two antenna returns. The height of target point P relative to the reference ellipsoid is h. From the geometric relations illustrated in Figure 3, the ellipsoidal height h of the sea surface at point P can be derived as follows [37]:


  h = H − r × c o s  α + a r c s i n [    B 2  −   (   λ φ   2 π   )  2  −   r λ φ  π    2 r B   ]  ,  



(1)




where  φ  represents the interferometric phase, and  λ  is the return echo wavelength. Equation (1) establishes the relationship between elevation, slant range, and interferometric phase. By processing the echo signal, the slant range r and interferometric phase  φ  of the target relative to the main antenna can be obtained. Then, together with the antenna position parameters (  H , α   and   B )  , the elevation h of the sea surface can be determined.



The main interferometric altimeter parameters of the AIRAS are provided in Table 1. Based on simulations, the expected precision of SSH derived by the AIRAS was 2.3 cm at a small angle of incidence (1   ∘  ) and 5.0 cm at a large angle of incidence (15   ∘  ). The average uncertainty in the determination of SSH over the entire observation region was expected to be 3.4 cm.




3.2. The AIRAS Sea Surface Height Determination


After the reflected signals from the sea surface were collected by the AIRAS interferometric altimeter sensor, SSHs were determined by following the data processing procedure shown in Figure 4. This procedure mainly involves processing of the synthetic aperture radar (SAR) and interferometric data measured by the two Ka-band radar antennas of the AIRAS. Finally, the SSHs were converted from the phase measurements. The reference surface adopted for the SSH data was the WGS-84 ellipsoid established through the onboard GNSS coordinates.



The original sea surface elevation measured by the AIRAS over the GNSS buoy locations is shown in the right-hand panels of Figure 5. The power spectrum (not shown here) indicated that signals with wavelengths of less than 3 m were mainly noise. Therefore, in the Cal/Val procedure, we employed a low-pass filter with a cut-off wavelength of 3 m to remove such noise. In addition, the AIRAS SSH includes relatively long wavelength signals that might be related to geoid signals [7]. Therefore, we used a high-pass filter with a cut-off wavelength of 150 m to remove the relatively long wavelength signals in the SSH spectrum [38]. After data filtering, the retained power spectrum preserved in the AIRAS data at wavelengths of 3–150 m mainly contained the WSSE. The band-pass filtered results are shown in the left-hand panels of Figure 5. This final airborne product was used in the Cal/Val procedure with the GNSS buoy data.




3.3. In Situ Data


As shown in Figure 1, the location selected for the AIRAS experiment was in the coastal sea offshore from XMD, Qingdao, China. Station XMD is part of the network of national oceanic observation stations in China, which has been monitoring SSH for more than 50 years. For our experiment, the data collected at station XMD, which included tide gauge, GNSS, weather station, and ocean wave buoy data, were used as important in situ data for calibration of the AIRAS. For that purpose, the tide gauge benchmark was connected to the GNSS permanent station through spirit levelling (Figure 6). Thus, the SSH reference of the tide gauges was the same as that of the GNSS buoys and the AIRAS.



For the Cal/Val of the AIRAS SSH measurements, it was necessary to obtain high-accuracy in situ data observed simultaneously in the campaign area just beneath or close to the path of the airborne instrument. Because an airborne interferometric altimeter covers a wide swath of the sea surface and produces a two-dimensional grid of dynamic SSH, it is unrealistic to measure the same or similar grid in the space domain using in situ facilities. Therefore, to assess the performance of the AIRAS in detecting ocean dynamic signals, we deployed two GNSS buoys at two fixed points under the AIRAS swath to observe 1-Hz SSH in the time domain. As shown in Figure 1, the two GNSS buoys were located 9 km apart within the area of coverage of the airborne campaign. Such a deployment also ensured the assessment of the capacity of the AIRAS to observe the SSH difference related to the geoid. After completion of the airborne campaign, buoy 1 was moved to the location of buoy 2 (Figure 7). Then, both buoys recorded SSH simultaneously for more than 16 h to provide data for cross evaluation of any deviations between them and to connect them with the tide gauge measurements.



The antennas used with GNSS buoy 1 and buoy 2 were the Novatel VEXXIS GNSS-804 and GPS-702-GG-HV, respectively. The height of the antennas above water level was measured carefully in a laboratory pool, the error of which (at the millimeter level) was considered negligible in comparison with the other contributing errors in the Cal/Val process. The GNSS buoys were transported by boat to their specified locations and data were recorded before the aircraft passed over. During operation, the buoys were tethered to nearby boats using lightweight ropes. Because the sampling interval of the permanent GNSS station data was set to 30 s, two temporary reference GNSS stations with Topcon Hiper IIG receivers and 1-Hz sampling rates were also installed at station XMD and station XGD (on an island under the flight path; see Figure 1) so that the GNSS buoy data could be processed and thus SSH retrieved at 1 Hz. In addition, a wave buoy operated by the station XMD team provided in situ significant wave height (SWH) measurements every hour. This information was used as an indicator of the wind-generated waves likely to be captured by the nearby GNSS buoys.




3.4. The GNSS Data: Ambiguity Resolution and Processing


Currently, Real-Time Kinematic, Post-Processing Kinematic (PPK), and Precise Point Positioning are the main techniques used for resolving ambiguities and kinematic GNSS data. However, the Real-Time Kinematic model requires real-time communication between a reference station on land and GNSS buoys at sea. Moreover, it appeared that application of the Precise Point Positioning technique yielded unstable results for SSH in this study because it was difficult to fix the integer ambiguity in this kinematic positioning procedure. The PPK approach has been proven a stable and accurate method for resolving kinematic GNSS data and it does not require real-time communication links. Additionally, it could be applied in situations in which the separation distance between a reference station and a buoy is up to 50 km [39]. Thus, the PPK model was finally applied in this study for retrieving the 1-Hz SSH from the GNSS buoy data.



First, the coordinates of the GNSS reference stations were produced in the International Terrestrial Reference Frame of 2014 using a shortlist of sites selected from the International GNSS Service and the Chinese Coastal GNSS Network. Then, based on the spatial correlation of positioning errors between the reference station and the GNSS buoys, the PPK model was applied to calculate the three-dimensional coordinates. Ambiguities for the reference stations were resolved using GAMIT/GLOBK software developed by the Massachusetts Institute of Technology [40]. The PPK model was realized via the Inertial Explorer software developed by NovAtel, a commercial package available for precise kinematic solutions. Finally, by adding the antenna heights to the coordinate results for the GNSS buoys, the 1-Hz time series of absolute SSHs were produced. All results were referenced to the WGS-84 reference ellipsoid in the International Terrestrial Reference Frame.



The SSH results derived from the GNSS buoys are shown in Figure 8, in which the original SSHs are presented as a dense cloud of data points. The SSH calculated from the GNSS buoys mainly contains WSSE signals and tide signals. The high-frequency signals are related primarily to wind-generated waves or swell, while the low-frequency signals are related to the regional ocean tide. To minimize the effects of high-frequency waves, a Butterworth low-pass filter was applied to the original SSH with a cut-off period of 60 s. Using this method, the tide signals could be preserved, as shown by the thin central line in Figure 8, which is highly consistent with the national tide gauge data. For retrieving the WSSE, the opposite operation was applied with a high-pass filter to remove long-period signals.




3.5. Estimates of the Relative Sea Surface Height Difference


The in situ SSH data acquired during the experiment time were recorded at the XMD national oceanic observing station. As shown in Figure 1, station XMD was located approximately 0.9 and 10 km from GNSS buoy 2 and buoy 1, respectively. The benchmark point of the tide gauge is approximately 200 m from the continuously operating GNSS station of the Chinese Coastal GNSS Network. Precise leveling work was undertaken to connect the benchmark of the tide gauge to the GNSS station. Because the closure error was less than 1 mm and the leveling distance was very short, we presumed that through this method the SSH derived from the tide gauge data could be converted reliably to the WGS-84 ellipsoid.



We then calculated the SSH difference between GNSS buoy 2 and the tide gauge. Because the distance between these two monitoring facilities was suitably small, the SSH of the tide gauge could be used as the standard reference height with which to assess the GNSS buoys. First, we added the correction for the MSS from the DTU MSS 18 model and the tide signal correction from the regional NAO99jb tidal model [41,42]. Subsequently, the mean difference of the low-pass-filtered SSH between GNSS buoy 2 and the tide gauge was estimated to be   − 0.1 ± 1.2   cm when considering the first 5 h (the campaign time) of data acquired under calm sea state conditions with the SWH in the range of 20–30 cm, as recorded by the wave buoy (Figure 9). We also calculated the mean SSH difference during a 24-h period that included measurements obtained under harsh sea state conditions with the SWH was in the range of 30–70 cm, which increased the mean difference to   1.4 ± 2.4   cm. The analysis therefore supports the suggestion that the accuracy of the GNSS buoy results is sufficient for calibration of the AIRAS. Taking into account the SSH measurements collected at different sea locations, the SSH difference between GNSS buoy 1 and buoy 2 was estimated to be   30 ± 1   cm. This value is attributable largely to the MSS difference (i.e., 27 cm) derived from the DTU MSS 18 model (Figure 2). The SSH difference measured by the two GNSS buoys was used to assess the capability of the AIRAS in capturing relative SSH differences, the results of which are presented in Section 5.





4. Methodology


In this campaign, the AIRAS measured sea surface elevation with horizontal resolution of 30 cm. With such high resolution, we were able to detect WSSE signals. Moreover, the along-track SSH difference could also be detected by the AIRAS. To evaluate the performance of the AIRAS, we consider the work in two parts: validation of the SSH difference and validation of the WSSE. In the former, the SSH difference arises largely from the MSS slope and thus it could be validated using GNSS buoy measurements at two different locations. For the latter, we propose a new method for evaluating interferometric altimeters that involves comparing the spectra of WSSE from the GNSS buoy and AIRAS measurements. This approach was tested through application of simulated WSSEs in the time and space domains using the Pierson–Moskowitz wave spectrum.



4.1. Validation of Sea Surface Height Difference


The AIRAS-measured SSH was referenced to the WGS-84 ellipsoid surface because of the GNSS used on the aircraft. To remove the WSSE signals, the low-pass-filtered SSHs from the AIRAS were averaged over an area of   480 × 240   m. The two GNSS buoys, deployed under the flight path and separated by a distance of 9 km, also measured the SSH with respect to the WGS-84 ellipsoid surface [7,43]. To remove the wave signals, a Butterworth low-pass filter was applied to the GNSS original SSHs with a cut-off period of 60 s. Thus, the SSH differences from the GNSS buoys were used to validate the SSHs derived from the AIRAS.




4.2. Validation of Wave-Induced Sea Surface Elevation


The WSSE is the dominant signal in the wavenumber or frequency domain of oceanic gravity waves [38]. We propose a validation method based on the assumption that the WSSE variance of an equilibrium wave field is uniform and can be measured equivalently in the space or time domains [44,45,46]. Specifically, for an equilibrium WSSE field, the following three statements can be made.



	(1)

	
If the time series of the measured sea surface elevation is sufficiently long, the variance of the sea surface elevation measured at any place within the domain is the same (i.e., no place is different).




	(2)

	
If the area of the measured sea surface elevation is sufficiently large, the variance of the sea surface elevation measured at any time within the domain is the same (i.e., no time is different).




	(3)

	
If statements (1) and (2) are true, the WSSE is a uniform field in space and time, and the variances of (1) and (2) are equal.







The power spectrum density (PSD) of the WSSE signal has been proven a useful indicator in the Cal/Val of interferometric altimeters owing to its relation to the dynamics of the ocean interior [33]. The PSD can be used to estimate not only the WSSE variance but also the distributions of variance in wavenumber/frequency bands. In this investigation, we use the PSD to conduct the validation. The methods used for calculating the PSD and related settings are detailed in Appendix A. Based on statements of (1)–(3), the sea surface elevation variances in the space and time domains could be expressed as the integral of the PSD over the wavenumber/frequency bands:


   σ 2  =  ∫   f 0    f n   S  ( f )  d f =  ∫   k 0    k n   Q  ( k )  d k ,  



(2)




where   σ 2   is the variance, f and k are the frequency and wavenumber in the time and space domains, respectively, and S and Q represent the power spectrum density in the time and space domains, respectively. Therefore, we could use the WSSE measured in the time domain by the GNSS buoys to validate the AIRAS in the space domain.



The variance distributions of the WSSE in the time and space domains could not be compared directly because they are expressed in different units and scales. To assess the consistency of the PSD shapes of the WSSE in the time/space domains, we first needed them to be unified. To show the fraction of variance in one band relative to other bands, the variance-preserving spectrum (VPS; the variance is not changed during the transform) could be calculated using the following mathematical transform based on Equation (2) [47]:


   σ 2  =  ∫   f 0    f n   f S  ( f )  d  ( l n  ( f )  )  =  ∫   k 0    k n   k Q  ( k )  d  ( l n  ( k )  )  .  



(3)







The dispersion relation of gravity waves in deep water is then used for the PSD conversion between the space domain and the time domain:


  k =    ( 2 π f )  2  g  ,  



(4)




where g is gravitational acceleration, k is the wavenumber, and f is the ocean wave frequency. Based on the theoretical dispersion relation (Equation (4)) and the VPS (Equation (3)), the relation between the VPS in terms of the frequency and the wavenumber domains could be expressed as (Appendix B):


     d ( l n ( f ) )     =  1 2  ·  d ( l n ( k ) )  ,        S ( f )  f     = 2 ·  Q ( k )  k .     



(5)







Finally, the variance as well as the variance (or power) distribution of the AIRAS WSSE could be validated using the GNSS buoys data. In this study, the variance was estimated using the integral of the PSD (or VPS) over the frequency/wavenumber domain, which neglects those signals outside the maximum and minimum bands of the frequency/wavenumber. For the measured WSSE from the GNSS data and the AIRAS, the difference between their unified VPSs arises mainly from measurement errors, and the integral of the difference of the two VPSs gives the total variance of the error in the wave frequency/wavenumber bands. Moreover, the difference in the VPS shapes could reflect the error of the power at different frequencies or wavenumbers. The correlation coefficient can be used to assess the consistency of the unified VPS shapes.





5. Results


For assessment of the AIRAS data, the validation is based on the relative SSH difference and the WSSE spectra. For the relative SSH signals, we compare the SSH differences of the GNSS buoys and the AIRAS at different locations directly. For the WSSE spectra, the PSD methods proposed in Section 4 are employed. To test the feasibility of the spectra method, we first applied it to the simulated WSSE.



5.1. Simulated WSSE


For this study, the Pierson–Moskowitz wave spectrum, which is a widely accepted relationship that defines the distribution of wave energy with respect to frequency, was used to generate the simulated WSSE under the developed wind-generated seas [36]. First, the time series of the WSSE, deemed the GNSS buoy measurements, was simulated at one fixed point on the ocean as the sum of a large number of wave components at different frequencies. Then, at a specific time, the two-dimensional WSSE in the space domain was generated (Figure 10). The WSSE of the time and space series, the PSD over the wavenumber and frequency domains, and the unified VPS in the time domain are shown in Figure 11.



By integrating the power density over the wavenumber/frequency domains, the variances of the WSSE were estimated as   0.188   and   0.186   m2 (i.e., nearly the same), respectively. The PSDs of the time and space WSSE series, shown in the upper-left image of Figure 11, are illustrated with different units on the x and y axes for the different domains. Thus, the shape and the amplitude of the PSD curves are markedly different even though they yield the same variance. After applying the transform through Equation (5), as illustrated in the upper-right image of Figure 11, the PSD curve of the WSSE in the space domain is converted to the VPS in the time domain. Thus, the shape and the area of the spectrum in the time and space domains could be compared directly. The VPSs from the space and time domains fit almost perfectly, including the area under the curves and the shape of the curves. This suggests that the proposed method of validation of spectral analysis is reasonable. Therefore, the difference of the VPSs can be used to evaluate the measurement errors in the AIRAS experiment.




5.2. Sea Surface Height Difference Between Validation Locations


The SSHs derived from both the GNSS buoys and the AIRAS were defined with respect to the WGS-84 ellipsoid. Thus, the relative SSH of the AIRAS could be assessed using the GNSS buoy measurements. The SSH difference from the two GNSS buoys was   30 ± 1   cm after correction for local tides estimated using the regional NAO99jb tidal model and removal of the WSSE signals through application of the low-pass filter. The tidal correction could not be neglected because it could have reached as high as 5 cm during the experimental period (see Figure 9).



To minimize the influence of waves on the AIRAS SSH, the SSH from the AIRAS was an average over an area of   480 × 240   m centered over the two GNSS buoys. After adding the tide correction, the average SSH over the selected boxes was calculated. The mean SSH difference of the AIRAS between the locations of GNSS buoy 2 and buoy 1 was estimated as 27 cm. The AIRAS result is in good agreement with that obtained from the GNSS buoys, as well as the MSS models [42], as shown in Table 2. In comparison with the GNSS result, the AIRAS bias is less than 3 cm, which matches the designed parameters of the AIRAS.




5.3. Spectrum Validation of the Wave-Induced Sea Surface Elevation


The WSSE is the dominant signal of the GNSS and AIRAS measurements in the space and time range of gravity waves. The WSSE could be expressed in the time domain and evaluated using the GNSS buoys or expressed in the space domain and evaluated using the AIRAS observations. Based on the discussion in Section 4.2 and the simulated WSSE described in Section 5.1, for an equilibrium wave field, the VPSs from the space and time domains fit almost perfectly, and therefore the difference of the VPSs can be used to evaluate the measurement errors in the AIRAS experiment.



For the WSSEs measured by the GNSS buoys in the time domain and by the AIRAS in the space domain, we first removed the linear trend and applied a low-pass filter to remove noise. For the AIRAS data, a low-pass filter was implemented to remove noise at wavelengths shorter than 3 m (see Figure 5) [48]. To make the AIRAS data comparable with the GNSS data, we sampled the AIRAS two-dimensional WSSE to one dimension along the direction of wave propagation before calculating the spectrum of the AIRAS data.



The PSD of the WSSE for the GNSS buoys and the AIRAS were calculated using same procedures (Appendix A). The unified VPS curves of the AIRAS and GNSS buoys are illustrated in Figure 12. The VPSs from both GNSS buoys show satisfactory consistency with that of the AIRAS. The correlation coefficient between the VPS of the AIRAS and that of GNSS buoy 1 is estimated as 0.90 and the difference of the integral variances is 8 cm2; the corresponding values for GNSS buoy 2 were 0.91 and 7 cm2, respectively. The results indicate that the variance difference between the AIRAS and the GNSS buoys is less than 8 cm2. Therefore, it could serve as a reference for the WSSE error over the scale range of waves (3–150 m). The variance distribution between them is similar, with a correlation coefficient higher than 0.90, indicating that the error is small relative to the WSSE signal. The statistical Cal/Val results of the WSSE measured using the AIRAS are given in Table 3.





6. Conclusions and Discussion


The Cal/Val of interferometric altimeters is an essential, challenging, and compelling task because of the launches of the SWOT and Guanlan satellites planned for the near future. We proposed a Cal/Val method based on the assumption that the WSSE variance of an equilibrium wave field is uniform and that equivalent measurements can be made in the time or space domains. Here, we took advantage of the dispersion relation and linked the power spectrum density of the WSSE in the space domain to the time domain, which is much easier for in situ facilities to measure. Using simulated data, this approach was proven feasible. For the case study over a sea area off the coast of Qingdao (China), we applied the proposed method to the Cal/Val of the AIRAS airborne swath interferometric altimeter using GNSS buoy data.



Results indicate that the differences of the WSSE variances from the AIRAS and the two GNSS buoys were below 8 cm2, corresponding to a standard deviation of 2.8 cm. Therefore, it could serve as a reference for the WSSE error over the scale range of waves. The correlation coefficient between the AIRAS and GNSS buoys was approximately 0.90, indicating that the error was small relative to the WSSE signal. As for the difference in SSH measurements, our analysis showed that the AIRAS has satisfactory consistency with two GNSS buoys that were separated by a distance of 9 km, i.e., the difference was 3 cm. The bias of the AIRAS SSH could satisfy the expected uncertainty of 3.4 cm.



Our research is based on the statement that the WSSE variance of an equilibrium wave field is uniform and that it could be measured equivalently in the space or time domains. However, the spatial resolutions and coverages of the sensors of the SWOT and Guanlan satellite missions are markedly different to those of the airborne interferometric altimeter. Therefore, the applicability of the proposed approach to instruments onboard spaceborne platforms requires further investigation. Here, we mainly proved the feasibility of using GNSS buoys to assess airborne interferometric altimeter data. We also emphasize that our campaign was conducted under the conditions of a calm sea state in which the SWH was 20–30 cm. However, under different sea states, particularly in harsh conditions, the performance of the AIRAS will need further study. In addition, the main aim of interferometric radar altimeters is to measure the submesoscale ocean processes and the ocean wave is usually regarded as a error budget that could perturb the submesoscale signals, so the GNSS buoy and the AIRAS data may be useful for better estimating the SSH error budget owing to the wind-induced waves.



The results of this study represent the first evaluation of the ability of the AIRAS to measure two-dimensional WSSEs and SSH differences. The proposed Cal/Val method provides a perspective for future spaceborne or airborne interferometric altimeters. Our subsequent work will seek to verify the feasibility of this method by conducting additional experimentation under different sea conditions.
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The following abbreviations are used in this manuscript:



	GNSS
	Global Navigation Satellite System



	AIRAS
	Airborne Interferometric Radar Altimeter System



	Cal/Val
	Calibration/Validation



	PSD
	Power Spectrum Density



	VPS
	Variance-Preserving Spectrum



	SSH
	Sea Surface Height



	WSSE
	Wind-induced Sea Surface Elevation



	SWH
	Significant Wave Height



	SWOT
	Surface Water and Ocean Topography



	PPK
	Post-Processing Kinetic










Appendix A. Power Spectrum Density Estimation


In this research, the PSD of the WSSE in the frequency/wavenumber domain for both the GNSS buoys and the AIRAS was estimated. The   s p e c t r u m 1 D   and   g r d f f t   tools from the open source software GMT (http://gmt.soest.hawaii.edu/) were utilized to determine the PSD, in which Welch’s method for ensemble averaging of multiple overlapped windows was adopted [49,50,51]. The WSSE series were separated into segments of equal length, each having 64 and 512 data points for the GNSS buoys (1 Hz) and the AIRAS (resampled to 1-m intervals), respectively. This meant that the Nyquist frequency was   1 / 2   cycles per second (cps) and the smallest frequency estimated was   1 / 64   cps for the GNSS buoy data. For the AIRAS data, the largest wavenumber was   1 / 2   cycles per meter (cpm) and the smallest wavenumber was approximately   1 / 512   cpm.



For cross-validation purposes, GNSS buoy 1 was moved to the location of buoy 2 after the airborne campaign. The PSD for each of the two GNSS buoys is illustrated in Figure A1, from which the period and the energy of the wind-generated waves could be estimated. The integration of the power over 3–20 s (i.e., mainly the wind-generated wave bands) over the frequency domain yields an energy proportion of   97 %   and a root mean square level of 10 cm for both buoys. During the period 20–64 s, slight variation is evident between the two GNSS buoys. The reason might be related to boat-related effects because the buoys were not equidistant from the boat. However, the integration of the power over 20–64 s is small and the variation could be ignored. The PSD results indicate that the level of accuracy is consistent between the two GNSS buoys and the filtered WSSEs are derived mainly from the wind-generated wave signals.
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Figure A1. The PSD of the band-pass filtered WSSE of the two GNSS buoys at the same location. Red (blue) line represents GNSS buoy 1 (2). 
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Appendix B. Unification of Power Spectrum Density in the Time and Space Domains


The PSD curves of the AIRAS and the GNSS buoys are expressed in different frequency/wavenumber domains, and therefore their shapes cannot be compared directly. To make the PSD of the GNSS buoys and the AIRAS comparable in one domain, a transformation was employed.



Based on the dispersion relation Equation (4):


     d ( k )     =   8  π 2   g  f  d ( f )         1 k    8  π 2   g   f 2      = 2 .     



(A1)







Then:


     d ( l n ( k ) )     =  1 k  ·  d ( k )           =  1 k    8  π 2   g  f  d ( f )           =  1 k    8  π 2   g   f 2   1 f   d ( f )           =  1 k    8  π 2   g   f 2   d ( l n ( f ) )           = 2 ·  d ( l n ( f ) ) .      



(A2)







Based on Equation (2), while the integral boundaries of the frequency/wavenumber bands are sufficiently large to cover the entire energy of the WSSE:


      ∫   f 0    f n   S  ( f )  d  ( f )      =  ∫   k 0    k n   Q  ( k )  d  ( k )           =  ∫   f 0    f n   Q  ( k )    8  π 2   g  f d  ( f )  ,     



(A3)






     S ( f ) k     =   8  π 2   g  f Q  ( k )  k       S  ( f )     ( 2 π f )  2  g      =   8  π 2   g  f Q  ( k )  k       S ( f ) f     = 2 Q ( k ) k .     



(A4)







Finally, the following equation could be achieved:


     d ( l n ( f ) )     =  1 2  ·  d ( l n ( k ) )  ,        S ( f )  f     = 2 ·  Q ( k )  k .     



(A5)
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Figure 1. Map of the AIRAS experiment area around the station XMD, Qingdao, China. GNSS buoy 1 and buoy 2 were deployed at sea, separated by a distance of 9 km. Buoy 1 was moved to the location of buoy 2 after the AIRAS campaign was completed to cross validate the measurements of the GNSS buoys and tide gauges. 
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Figure 2. The mean sea surface (MSS) and mean dynamic topography (MDT) models over the campaign sea area. Black points represent the GNSS buoy locations; the black line represents the flight path. 
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Figure 3. Principles of height measurement using an interferometric imaging altimeter. 
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Figure 4. Flowchart of data processing for determining sea surface heights using the AIRAS. 
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Figure 5. The relative sea surface elevation measured by the AIRAS. The right-hand panels show the unfiltered AIRAS data; the left-hand panels show the band-pass filtered AIRAS data (3–150 m). The arrows in the left-hand images represent the direction of wave propagation. The X-axis is the direction of AIRAS flight and the Y-axis is the cross-track direction. 
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Figure 6. The spirit leveling work between the GNSS permanent station and the tide gauge at station XMD. The left-hand photo is of the permanent GNSS station; the middle photo shows the leveling work between the GNSS and the benchmark of the tide gauge; and the right-hand photo shows the benchmark of the tide gauge and the tide station. 
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Figure 7. The GNSS buoys tethered at the same location close to the station XMD tide gauge for cross-validation purposes. 
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Figure 8. Sea surface heights (SSHs) retrieved from GNSS buoys and in situ tide gauge data. The AIRAS campaign was conducted from 09:00 local time (LT) on 31 March 2019 to 14:00 LT on 31 March 2019. The AIRAS data used in this investigation were collected at approximately 11:00 LT. During 14:20–16:00 LT, GNSS buoy 1 was transported by ship to the location of buoy 2. 
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Figure 9. Sea surface height (SSH) difference between GNSS buoy 1 and buoy 2 (expressed as G1-G2), and the SSH difference between GNSS buoy2 and the tide gauge (expressed as G2-TG). The yellow lines represent the SSH differences without the correction of the NAO99jb tide model. 
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Figure 10. Simulated two-dimensional WSSE using the Pierson–Moskowitz spectrum. 
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Figure 11. Simulated WSSE and its associated spectrum. The red (blue) line is the WSSE series in the time (space) domain. The upper-left image presents the nonunified PSD in the time/space domains. The upper-right image shows the unified VPS in the time domain. 
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Figure 12. Unified VPS in frequency domain of WSSE measured by AIRAS and GNSS buoys. Red (blue) line represents the GNSS buoy (AIRAS) data. 
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Table 1. The main parameters of the AIRAS in this campaign.
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	Parameter
	Ka Band Interferometric Altimeter





	Center frequency
	35 GHz



	Processed incidence angle
	1–15   ∘  



	Bandwidth
	500 MHz



	Pulse repetition frequency
	2000 Hz



	Range resolution
	0.3 m



	Azimuth resolution
	0.3 m



	Flight altitude
	3000 m



	Baseline length
	30 cm
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Table 2. The Cal/Val result of relative SSH difference of the AIRAS. The SSH difference was estimated between GNSS buoy 1 and buoy 2, which were 9 km apart.
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	Source
	SSH Difference
	Standard Deviation





	GNSS buoys
	30 cm
	  ± 1   cm



	AIRAS
	27 cm
	NaN



	DTU MSS 2018 model
	27 cm
	NaN
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Table 3. The Cal/Val result of the AIRAS measured WSSE. Variance was estimated from the VPSs of the GNSS buoys and the AIRAS WSSE.






Table 3. The Cal/Val result of the AIRAS measured WSSE. Variance was estimated from the VPSs of the GNSS buoys and the AIRAS WSSE.





	
Location

	
Source

	
Variance

	
Bias

	
Correlation Coefficient






	
GNSS Buoy 1

	
GNSS

	
28 cm   2  

	
8 cm   2  

	
   0.90   




	
AIRAS

	
36 cm   2  




	
GNSS buoy 2

	
GNSS

	
45 cm   2  

	
7 cm   2  

	
   0.91   




	
AIRAS

	
52 cm   2  
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