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Among the various challenges that spaceborne radar observations of the ocean face, the following two issues are probably of a higher priority: inadequate dynamic resolution, and ineffective vertical penetration. It is therefore the vision of the National Laboratory for Marine Science and Technology of China that two highly anticipated breakthroughs in the coming decade are likely to be associated with radar interferometry and ocean lidar (OL) technology, which are expected to make a substantial contribution to a submesoscale-resolving and depth-resolving observation of the ocean. As an expanded follow-up of SWOT and an oceanic counterpart of CALIPSO, the planned “Guanlan” science mission comprises a dual-frequency (Ku and Ka) interferometric altimetry (IA), and a near-nadir pointing OL. Such an unprecedented combination of sensor systems has at least three prominent advantages. (i) The dual-frequency IA ensures a wider swath and a shorter repeat cycle which leads to a significantly improved temporal and spatial resolution up to days and kilometers. (ii) The first spaceborne active OL ensures a deeper penetration depth and an all-time detection which leads to a layered characterization of the optical properties of the subsurface ocean, while also serving as a near-nadir altimeter measuring vertical velocities associated with the divergence, and convergence of geostrophic eddy motions in the mixed layer. (iii) The simultaneous functioning of the IA/OL system allows for an enhanced correction of the contamination effects of the atmosphere and the air-sea interface, which in turn considerably reduces the error budgets of the two sensors. As a result, the integrated IA/OL payload is expected to resolve the ocean variability at submeso and sub-week scales with a centimeter-level accuracy, while also partially revealing marine life systems and ecosystems with a 10-m vertical interval in the euphotic layer, moving a significant step forward toward a “transparent ocean” down to the vicinity of the thermocline, both dynamically and bio-optically.
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INTRODUCTION

Since the advent of ocean radar satellite in the 1970s (Fu et al., 2010), its development has followed three generic trends: (i) better sampling, (ii) higher accuracy, and (iii) more variables. Better sampling of the ocean normally refers to a broader coverage, a deeper penetration, a higher spatiotemporal resolution, and a longer time series. Upgraded sensors with refined algorithms (both theoretical and empirical) are major approaches aimed at improving the accuracy of remotely sensed parameters. Meanwhile, tremendous efforts have been devoted to testing new instrument (e.g., ocean lidar) and deriving new variables from spaceborne measurements. Ideally, the ultimate goal of ocean remote sensing is toward a quantitative derivation of all required variables, with a satisfactory accuracy, and a perfect sampling in near-real time. In reality, however, this can never be fully realized, but can always be gradually approached. In this white paper, the concept design of the Chinese Guanlan science mission with an interferometric altimeter (IA) and an ocean lidar (OL) onboard is described. We will demonstrate that the IA payload is expected to make a significant contribution to satellite altimetry in aspects of the above-mentioned trends (i) and (ii), while the OL payload is a good example of expanding remote sensing capacity in aspects of those trends mentioned in (i) and (iii).

Satellite Altimetry

The history of satellite altimetry can be largely divided into three phases as summarized in Table 1. (i) Phase I (1970–1980s): the mesoscale “diamond” phase; (ii) Phase II (1990–2010s): the semimesoscale “grid” phase; (iii) Phase III (2020s onward): the submesoscale “pixel” phase. Here we use three keywords to characterize the major geographical pattern of altimeter data products for each phase, which corresponds to an overall spatial resolution of ∼100 km, ∼50 km, and ∼10 km, respectively. In Phase I, traditional altimeters in exact-repeat orbits measure sea surface height (SSH) along intersecting ground tracks every 3/17 days (e.g., Fu, 1983). The regions between tracks (normally ∼1.5° along the equator) form a diamond pattern within which SSH is never sampled. In Phase II, the idea of “virtual constellation” of multiple altimeters operating simultaneously considerably improve the sampling, leading to the construction of a gridded SSH product (mostly 0.25° × 0.25°) on a daily basis (e.g., Ducet et al., 2000; Pujol et al., 2016). In the upcoming Phase III, wide-swath IAs will hopefully “image” the sea surface topography with a “pixel” size of less than 10 km × 10 km every 1–3 days (e.g., Fu and Ferrari, 2013).

TABLE 1. Three phases of development for satellite altimetry.
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The accuracy of sea level measurements has also been steadily improving from >10 cm to <5 cm throughout the past half century and will probably reach the level of ∼1 cm in the next decade. The combination of refined sampling and improved accuracy, as well as increasing time series, has naturally brought about continuous, sometimes critical, progress in dynamic oceanography. In the “diamond” phase, the technological feasibility, and scientific utility of satellite altimetry has been demonstrated by the GEOS-3, Seasat and Geosat missions, from which many interesting yet semi-quantitative results, such as signatures of basin scale ocean gyres, the Antarctic Circumpolar Current, as well as mesoscale ocean variabilities, have been obtained (e.g., Fu, 1983).

In the “grid” phase that followed, the contributions of satellite altimetry to ocean sciences are quantitative and substantial, while some are regarded as fundamental and even revolutionary. Typical examples include the systematic observation and a better understanding of ocean circulation, the Rossby wave, and the mesoscale eddy. First, altimetrically determined ocean topography has provided the first test bed for examining the performance of global ocean general circulation models at large scales (∼5 cm rms for wavelengths longer than 1000 km), although its further improvement requires more accurate geoid knowledge over a wide range of scales (Fu and Chelton, 2001). Second, altimetric measurements of SSH reveal a persistent westward propagation with characteristics similar to the linear Rossby waves by which the ocean adjusts to wind and thermal forcing (Chelton and Schlax, 1996), though it is now evident that the variability due to Rossby waves are only significant at wavelengths of ∼1000 km and longer (Scott et al., 2010). Third, most of the extratropical variability at wavelengths of ∼100-500 km, previously thought to be linear baroclinic Rossby waves, is actually westward propagating non-linear eddies that are nearly ubiquitous in the world oceans (Chelton et al., 2011b).

As the first planned mission of its kind in the upcoming “pixel” phase, the surface water and ocean topography (SWOT) satellite aims to measure both the land water and ocean topography with an unprecedented horizontal resolution (Fu and Ubelmann, 2014). The SWOT satellite will carry a Ka-band radar interferometer, designed to yield high spatial resolutions over two swaths of 50 km, with a 20-km gap centered at the nadir track (Durand et al., 2010). The primary oceanographic objective of SWOT is to characterize the ocean mesoscale and submesoscale circulation at spatial resolutions of ∼10 km and larger. It will also contribute to estimating the vertical motion of the ocean, taking place at scales of 10–100 km, which is important to the understanding of the energy balance of ocean circulation (Capet et al., 2008).

The progress of altimeter based dynamic oceanography has actually been accompanied by debates and controversies. Many of the problems arise due to imperfect (sometimes poor) sampling and inappropriate SSH reconstruction. Much of the hope to tackle these challenges lies in the launch of the next generation IAs, including the upcoming SWOT satellite, and the one that will be flown on our proposed Guanlan mission, which will advance sea level observation from the “grid” phase to the “pixel” phase, and the altimetric oceanography from a mesoscale period to a submesoscale era, when the corresponding levels of dynamic variability in the ocean energy cascade can be effectively resolved.

Spaceborne Lidar

As a pioneer of spaceborne lidar, the US space agency NASA (National Aeronautics and Space Administration) initiated the Lidar In-Space Technology Experiment (LITE) in 1988 (Winker et al., 1996). Following a successful feasibility study with an aerosol and cloud lidar onboard the Space Shuttle of Discovery in 1994, NASA and the French space agency CNES (Centre National d’Etudes Spatiales) launched their joint mission of CALIPSO (Cloud Aerosol Lidar and Infrared Pathfinder Satellite Observation) in 2006 (Winker et al., 2010), which transformed the satellite lidar technology from experimental to operational. In the years that followed, a dozen spaceborne lidars have been proposed by several national and international space agencies such as NASA and ESA (European Space Agency).

As a key element of the Aqua constellation (A-train), CALIPSO has three co-aligned major instruments (Winker et al., 2009): A 3-channel lidar (the Cloud-Aerosol Lidar with Orthogonal Polarization, CALIOP), an imaging infrared radiometer, and a wide-field camera. The primary goals of the CALIPSO mission include: (i) Observationally based estimates of direct and indirect aerosol radiative forcing; (ii) Improved characterization of surface longwave radiative fluxes and atmospheric heating rates; (iii) Improved model parameterizations of cloud-climate feedbacks. In short, the main purpose of CALIPSO is to provide a long-term mapping of the horizontal and vertical distributions of aerosol and cloud properties over the entire globe.

Despite of its atmosphere-climate oriented nature, the CALIPSO mission has provided valuable by-products for oceanographic studies throughout the past decade (see Hostetler et al. (2018) for a recent review). Behrenfeld et al. (2013) used CALIOP measurements to quantify global ocean phytoplankton biomass and total particulate organic carbon stocks. Lu et al. (2014) found significant relationships between integrated subsurface backscatter and chlorophyll-a concentration, as well as particulate organic carbon, which indicate a potential use of the CALIPSO lidar to estimate global chlorophyll-a and particulate organic carbon concentrations. Lu et al. (2016) introduced an approach to estimate the ocean subsurface layer-integrated backscatter and particulate backscattering coefficient from CALIOP 30° off-nadir lidar measurements. Behrenfeld et al. (2017) reported a decade of uninterrupted polar phytoplankton biomass cycles, and found that polar phytoplankton dynamics are categorized by “boom–bust” cycles resulting from slight imbalances in plankton predator–prey equilibria.

Compared to historical passive optical remote sensing of the ocean, spaceborne lidars have at least two unique advantages: First, vertical penetration into the mixed layer through which profiles of optical and even oceanographic properties can be quantitatively obtained; Second, an all-time measurement independent of solar radiation can be carried out. But the critical limitation, that all measurements are vertically integrated without depth information, remains. A dedicated spaceborne lidar such as the one proposed for the Guanlan science mission is therefore urgently needed in order to better understand the truly three-dimensional (3-D, rather than 2.5-D) structures in the subsurface ocean.

Scientific Goals

The primary scientific goals of the Guanlan mission are defined as follows:

(i) To resolve sea level variability at submeso and sub-week spatiotemporal scales with a centimeter accuracy using the IA instrument, so that global oceanic eddies (especially those short-lived small ones missed by current altimeter constellations) can be tracked individually during their full lifetimes.

The dominant scales of oceanic eddies range from days to years in time and from tens to hundreds of kilometers in space, serving as a key bridge of an energy cascade between large and small variabilities in the ocean. As evidenced in the SSH snapshot of the northwest Pacific derived from AVISO data (AVISO, 2016), both cyclonic and anticyclonic eddies are ubiquitous in the ocean and cover a variety of spatial scales (Figure 1a). Big eddies are obviously associated with strong currents along the mainstream and extension areas of the Kuroshio. Looking into an individual oceanic eddy, we further disclose the complexity of its inner structure (Figure 1b): A ∼10 km sized eddy “eye” with a minimum speed in the core region, surrounded by an internal circulation with an outward increasing geostrophic velocity until a maximum value is reached near the eddy boundary. In terms of lifetime evolution, eddies often fall into the submesoscale in size at birth and death (they usually last for 1 or 2 weeks), while remaining relatively energetic in the mesoscale for the rest of the time (Chen and Han, 2019). Therefore, a spaceborne IA with a submesoscale and a sub-week resolving capability is necessary for the full life cycle of an oceanic eddy to be continuously tracked.
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FIGURE 1. (a) A snapshot of massive eddies in the Northwest Pacific Ocean. (b) A typical example of the three-dimensional structure of an individual oceanic eddy.



(ii) To penetrate effectively into the oceanic mixed layer with the active OL instrument, so that a vertical derivation of the optical properties of the subsurface ocean can be obtained which may lead to an improved characterization of the thermocline formation and its associated dynamic features (Figure 2a).
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FIGURE 2. (a) Schematic of thermocline profiled by a spaceborne ocean lidar. (b) Schematic of fish school detected by a spaceborne ocean lidar.



Efforts to understand and model the dynamics of the upper ocean will be significantly advanced once the capacity to rapidly determine mixed layer depths (MLDs) over large regions is built. Spaceborne lidar technology is a potential choice for achieving this goal, since it has been demonstrated that the MLDs can be effectively derived from ocean optical properties (Zawada et al., 2005). The idea of this approach is based on the fact that optical properties are, to a large extent, determined by the biological productivity in the ocean which is proportional to the MLD (e.g., Behrenfeld and Falkowski, 1997). In other words, the frequent association of plankton layers with the pycnocline (Dekshenieks et al., 2001) implies that the pycnocline depth can often be mapped by a lidar system (Churnside and Donaghay, 2009; Churnside et al., 2013). In a feasibility study, Zawada et al. (2005) observed that the optical properties are strongly influenced by suspended particle concentrations, which generally reach a maximum at pycnoclines below the MLD. Quantitatively, a 70% agreement is found between the best hydrographical-optical algorithm pairings. This correlation is expected to be further increased when the active lidar system is used to complement the conventional passive optical remote sensing, as a result of the improvement from vertical integration to depth distribution. Figure 3 shows the estimated optical MLD with respect to the hydrological MLD as a function of latitude (partially adapted from Chen and Yu, 2015), which suggests that passive optical remote sensing can largely reach the thermocline depth in the tropical ocean, while a 100–200 m gap will rely on active lidar technology to fill in.
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FIGURE 3. Zonally averaged MLD for the global oceans. The red and blue lines correspond to the optically and hydrographically derived MLDs, respectively.



(iii) To detect direct signals from big ocean fish and animals, and indirect signatures from various species of phytoplankton and zooplankton in the euphotic layer by OL in order to partially reveal the preliminary characteristics of the marine food web and the corresponding ecosystem.

As understood, lidars can produce depth-resolving profiles of various constituents of the ocean. The feasibility of detecting fish schools with an airborne lidar was demonstrated by Murphree et al. (1974), and has been confirmed by several subsequent analyses (e.g., Churnside, 2014). An ideal case is when large fish gather “separately,” so individuals can be “seen” and even be counted in the return signals (Figure 2b). A successful example is the depth and position of sixty-nine individual fish that are reported using the cross-polarized lidar signal at night, off the Oregon coast, most of which are suspected to be albacore tuna (Churnside et al., 2009). In addition to the measurements of phytoplankton and zooplankton, it is now clear that ship- or air-borne lidar can be used not only to estimate the biomass for fisheries, but also to investigate aspects of fish behaviors. Based on the experience gained with CALIOP, it seems feasible to build a spaceborne lidar with a depth resolution of ∼10 m to better match the oceanographic requirements. Combined with ocean color measurements, the OL would be a powerful tool for global observations of the upper ocean food web and marine ecosystem (Stephens et al., 2010).

SATELLITE CONFIGURATION AND PRIMARY PAYLOADS

Among the various challenges in satellite observation of the ocean that need to be tackled, the following two issues are probably of a higher priority: inadequate dynamic resolution (i.e., kinetic energy leakage), and ineffective vertical penetration (i.e., ocean interior opaqueness). It is therefore the vision of the National Laboratory for Marine Science and Technology of China in Qingdao (QNLM) that two highly anticipated breakthroughs in the coming decade are likely to be associated with radar interferometry and lidar profiling technology, which would make a substantial contribution to an eddy-resolving and depth-resolving observation of the ocean. As an expanded follow-up of SWOT and an oceanic counterpart of CALIPSO, the planned Guanlan science mission comprises a dual-frequency (Ku and Ka) IA and a near-nadir pointing OL, as illustrated in Figure 4.
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FIGURE 4. The orbit configuration and payload system of the Guanlan mission.



The Interferometric Altimeter Instrument

The Guanlan IA takes the two-side observation geometry with multiple Ku and Ka band interferometric beams at a relatively large range of incidence angle (Figure 5) so as to achieve a wider swath compared with SWOT. As shown in Figure 6, the Guanlan IA system is composed of pairs of multi-beam antennas, Ku/Ka front-ends, Ku/Ka SSPAs (solid state power amplifier), and multi-channel Ku/Ka receivers, as well as a Ku/Ka transmitter, a frequency synthesizer, central control electronics, and an onboard data preprocessing unit. Design considerations for each unit are briefly explained below.
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FIGURE 5. Measurement scheme of the Guanlan IA/OL system.
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FIGURE 6. Component diagram of the Guanlan interferometric altimeter.



The Ku/Ka multi-beam antenna takes the form of a slotted-waveguide array, and the two antennas are identical, each with five beams, with two beams looking left (Ku/Ka), two beams looking right (Ku/Ka), and one beam looking nadir (Ka). The slotted waveguide array antenna can have a very stable phase center, which has been proven by the Tiangong-2 IA currently in orbit. Unlike a synthetic aperture radar (SAR) or an interferometric SAR, a smaller azimuth-size antenna instead of a large one is preferred for our IA. The initial design indicates that the antenna can be less than 3 m long.

The Ku/Ka front-end routines transmit Ku/Ka signals to different beams of the antenna and forward the received Ku/Ka echo signals to the Ku/Ka receivers, where an inner-calibration loop is incorporated by which the transmitted power and the phase can be monitored accurately and periodically. Special consideration should be given in order to handle the obvious challenge of high power.

Based on the successful application of a Ku-band high power SSPA, we are confident that it will have a stable performance, i.e., phase stability of the transmitted signal and long-lifetime, good electromagnetic compatibility and safe operation (anti-micro-discharging in space environment). The required maximum transmitted powers of both Ku and Ka SSPAs exceed 1000 W. Comprehensive measures should be taken for the thermal control due to the relatively low power efficiency compared to the traveling wave tube amplifier (TWTA). Since a power combination technique is used to achieve high energy transmission, it is easier to realize the power-control given that the transmitted power can be scaled according to different orbit heights.

Ku/Ka multi-channel receivers are also very crucial for obtaining a stable and accurate interferometric phase measurement, which is almost the only un-calibratable factor dominating the random height error budget. The design should consider issues both at device level [e.g., low noise amplifier, mixers, filters, radio frequency (RF), intermediate frequency (IF) and video amplifiers, in-phase, and quadrature demodulators] and at a circuit level (the layout and the isolation between RF and LO (local oscillator) frequency, and between LO and IF), as well as those related to the working environment, so as to guarantee the phase stability of the received signal from input to output. Our goal is to make the stability of the interferometric phase measurement better than 0.1° on a single pulse basis.

The frequency synthesizer unit uses a low phase noise and high stability atomic clock. The required LO frequencies for the transmitters/receivers, the working clock, the data sampling clock, and the data transmission clock, used by the central control electronics, are all generated directly from it or by phase referring to it. The low phase noise and low spurious performance of each frequency is very important for the phase stability of the interferometric system. The system architecture determines that the LO frequencies should be generated locally, i.e., the frequency synthesizer should be designed in a distributed fashion.

The central control electronics & onboard data preprocessing unit is responsible for controlling the entire working process according to different operating modes. Being adaptive to an orbit height variation from ∼500 to ∼800 km, the controlling time sequences for signal transmitting/receiving and data recording play a key role in realizing highly accurate and coherent measurements. The multi-channel analog to digital convertors (ADCs) should be highly synchronized at a picoseconds level. This unit is also in charge of all kinds of communications between the satellite and the payloads via various buses, as well as the transmission of science data to the ground station. Onboard data preprocessing is necessary in order to reduce the transmission rate under continuous observations.

The Guanlan dual-frequency IA takes the complementary advantages of the atmospherically less influenced Ku-band and the ionospherically insensitive Ka-band signals with a large B/λ value (B is the baseline length and λ is the wavelength), which facilitates accurate height retrieval under a wide swath over the ocean (Figure 5). The Ku band is designed to cover an inclining angle from 1° to 5.5° while the Ka band from 4.5° to 6°, forming an overlapped region between 4.5° and 5.5°. It should be pointed out, however, the large range between the two orbit heights corresponding to the two operational modes (∼500 km vs. ∼800 km, as will be addressed in the following section) could be a challenge for the design of the Guanlan IA.

It should be emphasized that B is a critical parameter for the IA, and there is an intrinsic conflict between its length and the system complexity: a longer baseline is good for achieving higher sensitivity of phase to height, but a more complicated in-orbit measurement system is required, and the interferometric phase may suffer from more serious motion errors and spatial decorrelation. A compromised B value has to be found along with an optimized orbit. Initial simulation shows that B should be at least greater than 10 m for our purpose.

The dual-frequency design is helpful to estimate baseline parameters (length and inclining angle). By utilizing the multi-beam antennas, five pairs of interferometry are formed, among which the nadir interferometric beams are useful for polar iceberg observation as well as for monitoring the baseline status over an appropriate (calm) sea surface. Data from the overlapped region can also be used to estimate the ionospheric delay for the Ku band.

The Ocean Lidar Instrument

As an active optical detection instrument capable of providing time-resolving and spectral-resolving measurements, the Guanlan OL is built to perform an all-time profiling of the attenuated coefficients, the backscatter coefficients, and the particle linear depolarization ratios from the sea surface to the mixed layer (Figure 7). Additionally, the OL is also designed to make possible measurements of the ocean fluorescence and the sea level elevation. As a complementary device, a multi-channel scanning radiometer may also be carried onboard to optionally conduct high-spectral-resolution passive observations.
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FIGURE 7. Configuration of the Guanlan ocean lidar.



The Guanlan OL has two fully redundant lasers, each with a narrow-linewidth laser that transmits simultaneous, co-aligned multi-wavelength (including the blue and green bands) pulses (Figure 8). The total output pulse energy is at joule level. The two lasers are expected to cover the full mission lifetime. The primary laser is scheduled to be fired at the launch of Guanlan, while the second one serves as a backup. For the receiver, a Cassegrain telescope with lightweight silicon carbide is designed to collect backscatter signals. The diameter of the telescope is approximately 1.2 m. For accurate measurements of the troposphere and subsurface ocean, a data acquisition subsystem with a high sensitivity and a large dynamic range is required. Therefore, an analog mode along with a photon counting mode will be operating simultaneously. To ensure data integrity and processing flexibility, high-speed waveform acquisition and variable digital discrimination techniques are adopted. The heat generated by lasers is dissipated via a radiant cooling panel. The OL is installed to the satellite platform in the overall mounting framework.
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FIGURE 8. Component diagram of the Guanlan ocean lidar.



The technical route of the laser system is a solid-state main oscillation power amplifier combined with a non-linear frequency conversion technology. Multistage laser amplifiers are used to amplify the seed laser pulses from a 1064-nm main oscillator. The frequency of the amplified high energy 1064-nm laser is doubled to obtain 532.2-nm green laser pulses. A 355 nm ultraviolet laser is generated by a frequency sum of the 532.2-nm laser and the remaining 1064-nm laser. The 486.1-nm blue laser pulses will be generated by the 355-nm laser pumped optical parametric oscillator. Considering the scale and light damage in the actual space environment, multiple lasers are designed to meet with the parameters described above and obtain the 486.1-nm blue laser and the 532.2-nm green laser with single pulse energy greater than 1 joule each. A proper incidence angle will be adopted to avoid ocean surface reflection at nadir.

The receiving telescope adopts a Cassegrain structure, consisting of a primary mirror and a secondary mirror. The mirror-coated metal reflective film has a reflectivity of more than 95% in the blue-green band. The telescope has an effective receiving aperture of 1.2 m and a field of view of 0.2 mrad. Under the premise of ensuring the rigidity and stability of the mirror body, the weight of the telescope is to be reduced as much as possible. The primary and secondary mirrors are made of silicon carbide materials with high rigidity, excellent thermal conductivity, and high stability. The weight of the optimized telescope will be limited to less than 200 kg.

A more sensitive photon counting technique is used to detect laser echoes in multiple channels. With this technology, the echo signal of a single photon can be detected with a count rate of 100 MHz. A good signal-to-noise ratio can be obtained by time integration during the detection. In the case of receiving a large number of photons at the same time, the analog signal output can be realized by the accumulation of multi-channel signals. The analog signal is received by the acquisition card with a sampling rate of 1 GSps, and the continuous signal of the underwater vertical profile can be subsequently collected. The hybrid method of analog sampling and photon counting will improve detection sensitivity meanwhile provide a high dynamic range.

ORBIT/SAMPLING AND CALIBRATION/VALIDATION

Orbit Design and Sampling Strategy

In order to optimize the performance of each payload onboard the Guanlan satellite, two potential science orbits are proposed with a possible mid-term maneuver in between (Table 2): A low orbit of 495.953 km which is ideal for the OL to maximize its vertical penetration, and a high orbit of 791.254 km which is necessary for the IA to ensure a wide swath and fine spatiotemporal resolution. For both the low and high orbits, there will be an initial 3-month commissioning phase, followed by a science orbit phase which is expected to last for at least one year each. The orbit inclination of Guanlan is chosen to be 78.0° to cover the polar regions and avoid major tidal aliasings. Other considerations for orbit design include solar radiation, atmospheric contamination, and site selection for calibration and validation (Cal/Val).

TABLE 2. Orbit characteristics for Guanlan and SWOT.
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A comparison of the sampling density between the Guanlan and SWOT science orbits is shown in Figure 9. We tried to simulate the sampling process and estimated the data recovery efficiency under various combinations of Guanlan and SWOT orbits based on a 1/50° SSH grid, which is identical to the spatial resolution of the SWOT simulator. As shown in Table 3, the mean revisit times of SWOT, Guanlan science orbit 1 and 2 are 7.87 days, 8.45 days, and 5.61 days, respectively. Combining the Guanlan science orbit 1 or 2 with the SWOT orbit can reduce the revisit time to 4.28 days or 4.01 days, respectively. It is therefore apparent that a wider Guanlan swath (partially benefitting from the dual frequency design) or merging of tandem IA measurements can lead to a significant increase of the sampling efficiency by ∼1/4–1/2 compared to the SWOT mission alone. It should also be noted, however, that the penetration depth of the OL may have a reduction of 10–15% when the satellite is maneuvered from science orbit 1 to science orbit 2.
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FIGURE 9. A comparison of the sampling density (within a 1/50° × 1/50° cell) between the Guanlan and SWOT orbits. (a) Guanlan science orbit 2. (b) SWOT orbit. (c) Is a sum of (a) and (b).



TABLE 3. Mean revisit time for Guanlan and SWOT.
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The centimeter-level precise orbit determination (POD) of the Guanlan satellite relies on the combination of the Beidou/GPS-based global navigation satellite system (GNSS) and the satellite laser ranging (SLR) system, where the multimode GNSS receiver is used for orbit tracking, the onboard SLR is used for calibrating orbit error, and a multifrequency scheme is applied for eliminating ionospheric errors in the observation data. As the next generation Beidou III system with a global coverage will be established in 2020, the Guanlan mission scheduled beyond that may also have the option to rely solely on the Beidou/SLR system to achieve a centimeter-level POD.

Calibration and Validation Activities

Synchronous calibration/validation of the IA/OL sensors onboard the Guanlan satellite is a challenging task. Calibration of the SSH measurement for a wide swath consists of two stages: ground calibration before launch and in-orbit calibration after launch. In the first stage, the time-delay of each subsystem should be measured on the basis of which the total system delay can be estimated along with the initial phase of each channel and the performance of phase-AGC (automatic gain control). In the second stage, the gain pattern of the antenna, and the absolute phase and time-delay of the whole system will be periodically measured at the Amazon tropical rain forest, and by the arrays of man-made reflectors installed in land and oceanic sites where different kinds of calibration facilities are equipped.

As for the validation of SSH, given the 166.4-km wide swath and the ∼5-km pixel size of the Guanlan IA, our primary goal is to effectively resolve the complex dynamic variabilities at ∼10–100 km scales induced by the presence of rich submesoscale oceanic motions. No existing observation network can provide a synoptic wavenumber spectrum at these wavelengths. To tackle this difficulty, an integrated multi-sensor validation array is proposed, as illustrated in Figure 10. In the selection of validation site, we try to make best use of current observation arrays deployed by the QNLM in the western Pacific-South China Sea-Indian Ocean area, both near the seashore and in the open ocean. Possible collaboration with the SWOT mission will also be considered as far as the IA instrument is concerned. When the satellite overflies the validation platform, accurate SSHs can be derived using joint measurements from GNSS, tide gauges, and meteorological sensors. To make a simultaneous validation of SSH in two dimensions at submesoscales, a multi-sensor array will be deployed by means of integrating the PIES (pressure inverted echo sounder), the GNSS buoys, as well as a combined glider/mooring system. The pixel-wise difference of SSH between the Guanlan IA and the validation field array can therefore be calculated, resulting in a quantitative evaluation of the error budget specified in Table 4.
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FIGURE 10. A schematic illustration of calibration/validation facility for the Guanlan IA and OL.



TABLE 4. Parameter and accuracy for the Guanlan IA/OL in situ validation system.
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The spaceborne OL will mainly be calibrated by an airborne lidar. Based on the satellite orbit and laser emission direction, the trajectory of laser footprint (50–80 m for the two science orbits given in Table 2) at the sea surface can be calculated. The airborne lidar verification experiment is then carried out synchronously with satellite measurement in the trajectory direction. A flight altitude of about 4 km results in a ground path of greater than 50 km, and the trajectory deviation between the footprints of airborne and spaceborne lidars at the sea surface is expected to be less than 2 km. The time deviation between measurements from the two platforms will be less than 0.5 h. Aside from aircraft-based measurements, the calibration method based on the comparison between ocean surface signal and theoretical results (e.g., Cox-Munk theory) using wind speed or surface cross section derived from the radar is also feasible.

The validation of the Guanlan OL requires simultaneous measurements of the subsurface ocean by the laser satellite and an integrated optical buoy (Figure 10). To do so, an optical multi-parameter profiling system is developed using an automatic winch, along with a ship-borne lidar. The optical buoy will be deployed at the footprint of the satellite orbit, and continuous profiling observations will be carried out when the satellite overflies it. The maximum depth of the profile will exceed 300 m (almost twice as much as the usual penetration depth of an OL) and the vertical resolution will be less than 1 m. Multiple parameter measurements of temperature, salinity, chlorophyll concentration, backscattering coefficient and so on, will be collected and transmitted to the data center in near real time, where an integrated Cal/Val of the Guanlan OL will be implemented in order to reach the level of precision and accuracy described in Table 4.

UNIQUE CHARACTERISTICS AND POTENTIAL BENEFITS

The payload system of the Guanlan science mission has a few unique technological characteristics and potential scientific contributions:

First, a unique combination of two active sensors of IA and OL (Figures 4, 5), which to our knowledge is the first of its kind in ocean satellite missions. The joint use of active microwave and lidar technologies will allow an integrated sensing of dynamic and biological properties, opening a new window for the cross-disciplinary study of the ocean. Meanwhile, the simultaneous functioning of the IA/OL system will allow an enhanced correction of the contaminations of the atmosphere and the air-sea interface which in turn effectively reduce the error budgets of the two sensors.

Second, the dual-frequency (Ku and Ka) IA, benefiting from a wider swath and a shorter repeat cycle, will lead to a substantially improved temporal and spatial resolution up to days and kilometers. The Guanlan satellite in combination with other IA missions including SWOT will hopefully serve as an observational foundation for submesoscale oceanography. In addition, oceanic precipitation is known to have very distinct impacts on the transmission of Ku- and Ka-band microwaves, on the basis of which rain-induced errors may be significantly reduced by using a dual-frequency technique. As far as ocean waves are concerned, the two bands also have different resonant frequencies, thus widening the wave spectrum that can be effectively resolved.

Third, as one of the first spaceborne OLs and an oceanic counterpart of CALIPSO, the Guanlan OL will be used as an experimental sensor to test a number of new ideas such as a replacement of the nadir-pointing conventional altimeter, a complementary sensor measuring the ocean component of the global carbon cycle, a new sensor demonstrating the feasibility of optical-acoustical conversion in the ocean, and an extended sensor tracing the paths of terrestrial dust into the ocean as well as its biogeochemical effects.

OUTLOOK AND RECOMMENDATIONS

To Contribute to and Benefit From the Era of Big Marine Data

The era of big marine data arrived in the early 2010s with nearly half of the contributions coming from satellite observations (Overpeck et al., 2011). Specifically, however, the majority of these remote sensing data come from visible and infrared sensors, while those from microwave instruments remain small due to the well-known limitations of coarse spatial resolution. The Guanlan altimetry, along with SWOT and other on-going and forthcoming missions of a similar nature (the wide swath imaging altimeter) will lead to a ∼104 increase in the daily altimetric data volume, while the intrinsic problem of poor sampling (particularly the along-track/cross-track asymmetry) associated with conventional altimeters will be largely resolved. This will mark the transition from the semimesoscale “grid” phase to submesoscale “pixel” phase in satellite altimetry, making a revolutionary contribution to modern sea level measurement as represented by a seamless coverage of the entire globe for the first time. In addition, if it downlinks data over land, it will be the first global measurements of snow depth measurements from a difference in the Ka/Ku band radar. It will therefore be a great contribution to the study of the cryosphere and snowfall.

It has to be recognized, however, that the volume of daily marine data acquisition is highly inhomogeneous in the vertical dimension: reducing from the level of petabyte at the sea surface to the level of kilobyte near the deepest ocean bottom. In other words, the ocean has entered the big data stage at the surface while it still remains in the small data stage at the bottom. The coexistence of big and small data in terms of ocean measurements is expected to last for a long time. As such, persistent availability of global ocean optical profile data from the Guanlan OL down to the depth of the maximum penetration appears to be extremely valuable, making a unique contribution to the observation of the oceanic mixed layer. It will also benefit by combining with concurrent in situ surface drifters and Argo floats to routinely provide a systematic monitoring of the upper ocean between 0 and 2000 m.

In the time domain, it is understood that the probability of detecting new or changing small scale oceanic features increases constantly with observational time (Wilson et al., 2010), because a higher signal-to-noise ratio can be statistically obtained with longer time series. The wider swath of the Guanlan IA ensures a shorter repeat cycle (and hence an extended time series) compared to SWOT or the conventional altimeter constellation. As pointed out by Scott et al. (2010), one would need more than one SWOT mission to capture the temporal variability of the ocean at submesoscales. The combined effect of shorter temporal resolution and a longer time series will hopefully help to enhance the characterization and eventually the prediction of oceanic features, from climate scales to weather scales, which is a significant step forward in modern dynamic oceanography.

Given the coexistence of big and small data in ocean science to date, particularly the highly inhomogeneous sampling as a function of depth (which limits us to capture only a very small fraction of the total vertical ocean variability), we would like to argue that no observation system is redundant for at least the next few decades. Similar to the metro system in a metropolitan, we are still at a very early stage with a single line of underground in operation. The traffic problem can be effectively alleviated only when a properly distributed network is fully established.

To Open a New Window for Interdisciplinary Studies of the Ocean

Interconnection among the physics, biology, and biogeochemistry of the ocean is a fundamental feature which occurs at a wide range of temporal and spatial scales. Typical examples include (but not limited to) coastal upwelling, El Niño/La Niña, Pacific Decadal Oscillation and so on. A very strong manifestation of physical-biological-biogeochemical interactions/covariations takes place at the oceanic mesoscale, the mechanisms of which necessitate the use of multidisciplinary approaches (Chelton et al., 2011a; McGillicuddy, 2016). Recent progress in automated methods for identifying and tracking individual eddies globally, with merged satellite altimeter data, has opened a new window to examine these interdisciplinary couplings in eddy-centric coordinates at an unprecedented semimesoscale (∼50 km).

Normally, a mesoscale eddy is a rotational water column that extends to hundreds (even exceeding one thousand) of meters in the upper ocean through the so-called Ekman spiral, mixed layer, mirror layer (Chen and Geng, 2018), and pycnocline (thermocline, halocline) layer, as well as acoustic waveguide in hydrodynamics and geophysics, and the photic zone and the compensation layer in biological oceanography. An ideal strategy for eddy observation is to simultaneously capture its surface signature along with its interior structure. This forms a key motivation of the Guanlan science mission, which integrates the capacity of microwave remote sensing (via IA) to measure the surface dynamic topography, and the advantage of optical (lidar) remote sensing (via OL) to profile the internal biological aspect of the eddy properties. It should be stressed that such cross-disciplinary studies are greatly facilitated by recent advances in artificial intelligence techniques for big data analytics.

To Serve as a Bridge to Better Link Model With Observation

Observation (both in situ and remote sensing) and modeling are the two most powerful tools in support of modern oceanography. Obviously, their roles will be maximized when they have properly matched spatiotemporal scales. The concept of eddy-resolving numerical models was initialed in the 1990s (Semtner and Chervin, 1992), which is largely in pace with the mesoscale resolving (∼100 km) capability of satellite altimetry (Fu et al., 1994). With the rapid development of computing power, basin scale numerical simulations have crossed the threshold of submesoscale (∼10 km) around the turn of this century (Smith et al., 2000). The best spatial resolution of merged altimeter data to date, however, has stuck at the semi-mesoscale, left far behind the ocean model resolution. There is concern that the long-time mismatch between model and observation will slow down and eventually limit the development of ocean modeling.

Fortunately, this situation is likely to be dramatically changed with the scheduled launch of SWOT in 2021, and will be further improved by other follow-up missions including Guanlan. With this new generation of spaceborne interferometric imaging radars, the altimeter resolution is expected to catch up with the model resolution at ∼10 km level on a global scale, thus rebalance the bridge between observation and numerical modeling as far as sea level is concerned. The implication of this advancement is going to be profound: while mesoscale eddies are responsible for ∼50% of horizontal heat and substance transport in the ocean, variabilities at submesoscale (e.g., fronts and filaments) account for about half of the total vertical transport (Lindstrom et al., 2010). Vertical velocities associated with divergences and convergences of geostrophically balanced velocities on 10 km scale penetrate down to a few hundred meters below the ocean surface (Lapeyre et al., 2006). This will enable the vertical transfer of heat, nutrients, and dissolved CO2 to be resolved via SSH, paving the way to a new era of submesoscale oceanography, which might be a significant breakthrough for marine science in the 21st century.

To Demonstrate the Feasibility of Direct Satellite Sensing of Marine Life

The essential oceanographic variables that can be measured from space by prevail sensors (visible, thermal infrared, and microwave) include sea surface temperature, ocean salinity, SSH, vector wind, sea state, ocean color, and sea ice (Bonekamp et al., 2010). As far as ocean color and marine ecosystem are concerned, persistent cloud cover, periods of constant night and prevailing low solar elevations in polar regions severely limit traditional passive satellite ocean color measurements, and leave vast areas unobserved for many consecutive months each year. The advent of lidar technology creates an unprecedented opportunity/possibility for laser remote sensing of the ocean in at least two aspects: (i) Reveal depth resolving (instead of vertically integrated) optical properties of nearly the entire subsurface oceans including the polar regions, as demonstrated by CLIPSO; (ii) Directly detect signals of ocean animals, both community and individual, in the subsurface ocean. The potential ability to detect marine life and their food web from space will set a very significant milestone in the development of ocean remote sensing. Such a dream has never been so close as today: the lidar footprint of the Guanlan satellite is comparable to the size of big fish who favor to stay in the subsurface ocean between 0 and 200 m (which properly matches the penetration depth of OL). As a result, it is highly anticipated that we will soon enter the period of life signal identification and even animal trajectory tracking from space in the coming decade.

In summary, the key objectives of the Guanlan science mission are to resolve SSH at submesoscales, globally, using IA, and to extend the penetration depth of space-borne OL to the vicinity of thermocline, moving a critical step forward toward an ultimate goal of an “transparent ocean” which relies on fine resolution, full spectrum, and multidisciplinary oceanographic sensing and observation. Meanwhile, an integrated physical-biological measurement of the ocean will be achieved by effectively combining advanced laser and radar technologies, serving as China’s novel contribution to the international ocean remote sensing and space oceanography communities.
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