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Abstract

:

HY-2A (Haiyang 2A) is the first altimetry satellite in China, and it was designed to be in a repeated ground track orbit to achieve the mission targets. Maneuvers are necessary to keep the satellite on the designed orbit according to the dynamic precise orbital prediction. Atmospheric density models are essential for predicting the low Earth orbit (LEO) satellites, such as HY-2A. Nevertheless, it is a complex process to determine the optimal atmospheric density model for orbit prediction. In this paper, short-term and long-term orbit predictions based on the dynamic method using three different atmospheric density models are tested. Detailed comparisons and evaluation of the accuracy of the predicted results are performed. Furthermore, to assess the results for the ground tracking of the satellite, the interpolation method especially for a spherical surface is introduced. The results show that among the three models, the Jacchia 1971 model is in the closest agreement with Multi-Mission Ground Segment for Altimetry precise positioning and Orbitography (SSALTO) precise orbits. The root-mean-squares (RMSs) of radial orbit differences between the predicted and precise orbits are 0.016 m, 0.091 m, 0.176 m, 0.573 m, and 1.421 m for predicted 1-h, 12-h, 1-day, 3-day, and 7-day arcs, respectively.
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1. Introduction


The space environment includes solar radiation, the Earth’s neutral atmosphere, the regional ionosphere, the Earth’s magnetic field, etc. During the travel of low Earth orbit (LEO) satellites in space, several kinds of space environment factors affect the trajectory of these missions, and atmospheric drag deduced from atmospheric density is a significant factor. These missions are loaded with observation equipment, and the observation data can be used in many fields such as meteorology, resource exploration, environmental monitoring, and space weather monitoring [1]. The precise prediction of the satellite orbit can guarantee the accuracy of the obtained observations and the validity of the data analysis. At the same time, the high-precision satellite orbit prediction is convenient to predict the satellite ground orbital interval of the repetitive cycle in advance, which will help to evaluate the environmental changes in the same region of the Earth and provide important guidance for the orbital maneuver of satellites. Therefore, precise orbit prediction and ground trajectory distance control are becoming more and more important and deserve special attention, especially for trajectory design and coverage assessment of altimetry satellites [2,3]. On the other hand, the orbital design of LEO navigation satellites has been put on the agenda, and precise orbit prediction will provide an important guiding role for the orbit design of such satellites.



Some research about orbit prediction for GNSS (Global Navigation Satellite System) satellites has been carried out by several authors. Mur et al. [4] performed daily orbit prediction for global positioning system (GPS) satellites, and the inter-comparison of rapid orbits shows that single-day root-mean-square (RMS) can reach 137.8 cm. Romay and Lainez [5] focused on the generation of short-term and long-term orbit and time predictions for feeding A-GNSS, and the 14.5 m target (RMS) for the combined orbit and clock contribution has been achieved for most of the considered satellites for 15-day-long prediction intervals. Polle et al. [6] carried out the research of orbit/SRP (solar radiation pressure) modeling for long-term prediction for GPS and Galileo orbit to improve prediction accuracy. The above research is focused on GNSS with an altitude of about 20,000 km without the effect of atmospheric drag.



Recently, some concerns have been put into the orbit prediction of LEOs. Wang et al. [7] used the dynamic fitting method to predict the HY-2A (Haiyang 2A) orbit, and the three-dimensional position accuracy is better than 1 m by using a 12 h fitting orbit to forecast a 12 h arc based on the orbit being known within the whole time period. Zhu et al. [8] have performed satellite broadcast ephemeris prediction using the auto regressive moving average (ARMA) model combined with the sliding window model, and test results show that the predictability of orbit parameters has certain application value for satellite orbit prediction. The medium- and long-term orbit prediction based on the satellite broadcast ephemeris parameters is a new and feasible method of orbit prediction, though the accuracy is not very high. The above methods use the dynamic fitting method and the statistical and mathematical model to predict the orbits, respectively.



Atmospheric drag is the primary disturbing force on LEO satellites. Atmospheric drag makes satellite orbits smaller and rounder and plays a decisive role in the life of satellites. The error in the a priori atmospheric model contributes significantly to the rapid increase of the predicted orbit error. When the orbit is predicted for 20 days, the error in the a priori atmosphere model, if not properly corrected, can induce a semi-major axis error up to a few kilometers and an overall position error to several thousand kilometers [9]. Tang et al. [9] carried out orbit prediction with China’s Tiangong-1 spacecraft at the altitude of about 340 km using the mean atmosphere model averaged from the US Naval Research Laboratory Mass Spectrometer and Incoherent Scatter Radar Extended Model 2001 NRLMSISE00 atmospheric density model, and several 20-day prediction tests show that semi-major axis errors are better than 700 m and overall position errors are better than 400 km. Meng [1] solved the orbit differential equation based on the Adams–Cowell method using variable-step integration with the Jacchia 1971 atmospheric density model, introducing position and velocity interpolation formulas to improve efficiency for predicting high density ephemeris, and test results indicated that the position error was better than 500 m during a 7-day period. The above study did not compare the results of various atmospheric density models on orbit prediction, so no clear conclusion was given as to which model is suitable for satellite orbit prediction.



As a real-world case study, we consider the problem of predicting the orbit for the HY-2A satellite using three different atmospheric density models [10]. In this paper, to study the impact of different atmospheric density on orbit prediction for HY-2A at a 971 km altitude, Jacchia 1971 [11], Mass Spectrometer and Incoherent Scatter Model 1986 (MSIS86) [12] and Drag Temperature Model 87 (DTM87) [13] atmospheric density models will be chosen to predict the HY-2A orbit, and a full assessment of the impact of these three atmospheric density models on orbit prediction for the HY-2A satellite will be performed. The structure of this paper is arranged as follows. In Section 2, the models and strategies applied in the orbit prediction for HY-2A are described thoroughly, and an interpolation method special for spherical surface is introduced in the computation of equatorial distances. In Section 3, short-term and long-term period orbit prediction are carried out, and the results with three atmospheric density models are compared with the SSALTO ones. Furthermore, the equatorial distances are compared and discussed between the predicted and precise ground tracks and between predicted orbits of two successive repeating cycles. The equatorial distances between the successive ground tracks for the precise orbit of JASON-3, JASON-2, and HY-2A satellites are computed and analyzed. Finally, the results are discussed in Section 4, and the conclusions are drawn out in Section 5.




2. Models and Strategies Employed in Orbit Prediction for HY-2A Satellite


2.1. Atmospheric Drag Model


Atmospheric drag is the largest source of error in modeling the force on many of these LEO satellites. In this paper, a satellite orbit and geodetic parameter estimation software developed by Van Martin Systems, Inc (VMSI) was used to predict the HY-2A orbit, in which there are three popular density models, namely Jacchia 1971, MSIS86, and DTM87 atmospheric density models [14]. The widely accepted equation for atmospheric drag is [15,16]:


Δr¨d=−12CDAmsρvr2v^r



(1)




where the negative sign indicates that the acceleration is anti-parallel to the unit relative velocity vector (v^r), which provides the direction of the acceleration. CD is introduced to model the actual momentum transfer dependent upon the interaction between the satellite and the atmosphere. A is the cross-sectional area of the orbiting body and is normal to the velocity vector. ms is the mass of the orbiting body. vr and  ρ are the velocity of the satellite and the atmospheric density, respectively.



The Jacchia 1971 model was a widely used standard [11,17]. The Jacchia model considers all the solar phenomena and adds temperature and/or density corrections to each of the phenomena within the integration of the conduction equation. For a certain phenomenon, this model uses the curve fitting method on a real spacecraft data to precisely signify actual atmospheric conditions. However, this method limits the model for a real-time application because it has no standard set of lookup tables, and the temperature and density profile must be determined by numerical integration every single time [17].



The so-called mass spectrometer and incoherent backscatter (MSIS) model was constructed using both ground-based incoherent backscatter radar measurements and satellites equipped with mass spectrometers and accelerometers. The MSIS models generally used all the data available from Jacchia models plus “Barlier data,” accelerometer data, and the atmospheric decay model data. However, obtaining these data at the same time becomes difficult [16]. It contains mass spectrometer data from satellites and radar scatter data from the ground to develop the atmospheric model. The MSIS family of models has demonstrated to be accurate and applicable to some hard problems [18].



The DTM87 model was designed specifically to evaluate satellite drag [13,17]. The model was based on the hypothesis of an independent static diffuse equilibrium of different thermospheric constituents: H, He, O, N2, and O2 as adopted in other previous thermospheric models [19]. The differential equation of diffuse equilibrium leads, by integration, to the concentration of each major constituent according to the altitude law.



The Jacchia 1971 model is mostly based on drag data obtained by observing the orbital motion of numerous satellites. On the other hand, satellite mass spectrometer and ground-based incoherent scatter radar data are the major data sources of MSIS86, and this model has not included drag measurements and satellite-borne accelerometer data. The significant difference between the DTM87 and the Jacchia 1971 models is the density of each atmospheric constituent (N2, O, He), and in the DTM, the density is expanded in terms of spherical harmonics.




2.2. Interpolation Methods of Ground Track


Since the satellite ground track distance between adjacent periods cannot exceed a certain distance tolerance, the distance difference between the trajectories at the same latitude must be calculated, and the difference between the repeated trajectories becomes a test standard to validate the orbit prediction and a guide for orbital maneuvering [2,3]. As the satellite’s ground trajectory is laid out along a spherical surface, the general interpolation and fitting methods are not suitable for calculating the intersection of the ground trajectory and the Earth’s equator. Therefore, we applied the interpolation method special for spherical surface to calculate the position of the intersection. The crossing nodes on equator are named ascending nodes and descending nodes. The mathematical models computing the longitudes of equatorial crossing points are listed as Equations (2) and (3), and the diagrammatic sketch is shown in Figure 1 [20,21]:


λ=λP−φP−φ0D·cosφ0



(2)






D=φP−φQ(λP−λQ)cosφ0



(3)




where λ is the longitudes of equatorial crossing points, φP and φQ are the latitudes of two adjacent points distributed on both sides of the equator according to the order of time, λP and λQ are longitudes of these two points, and D is an intermediate variable introduced to compute the longitude for the intersection.




2.3. The Orbit Prediction Strategy


VMSI software package is used to predict the HY-2A dynamic orbits in this paper. In the process of orbit prediction for HY-2A using the dynamic method, six prior independent parameters at the initial epoch are needed for the orbit integration. These six parameters can be the three-dimensional position and velocity vectors or six orbital elements. HY-2A is disturbed by the conservative forces and the non-conservative forces as this mission travels around the Earth [22]. The conservative forces include the Earth’s gravitation, n-body perturbation, oceanic and solid Earth tides, etc., and the non-conservative forces include the solar and Earth radiations, atmospheric drag and relativistic effect, and other small perturbing factors. The multi-step COWELL II numerical integration was used during the process of orbit prediction for HY-2A [23], and the step size for orbit integration was 10 s. The Doppler Orbitography and Radiopositioning Integrated by Satellite (DORIS) stations can be used to predict the observation of the tracking stations. The applied dynamic models for the HY-2A satellite are summarized in Table 1.



HY-2A satellite has a near sun-synchronous frozen orbit. Its altitude is about 971 km, inclination is about 99.3°, and the period is about 104.45 min. Its equator crossing time on descending node is at 6:00 h, and its repeat cycle has two phases (14 days/193 revolutions and 168 days/2315 revolutions). The HY-2A satellite has a complex shape. Table 2 gives the details of spacecraft surfaces and radiators, including the projected areas and optical characters. The solar arrays of HY-2A are unmovable, therefore the 13-plate macro-model of HY-2A is formed based on the information listed in Table 2 [32].





3. Tests and Results


3.1. Predicted Orbit and SSALTO Orbit Comparison within Short-Term and Long-Term Arc Periods


3.1.1. Orbital Comparison within Short-Term Arc Period


We have predicted HY-2A orbits for 1 h, 2 h, 4 h, 8 h, 12 h, and 24 h using Jacchia 1971, MSIS86, and DTM87 atmospheric density models, separately. The SSALTO precise orbit named SSALTO or SSA orbit are released by the CNES-SSALTO/POD team in sp3 format for the missions with a DORIS receiver onboard. The accuracy of the precise orbit can reach 1.1 cm in the radial direction [32]. The precise orbits released by SSALTO are used as a reference for the computation and evaluation of the prediction errors, which are the orbital biases of predicted orbits from the HY-2A precise orbits in the section. The orbital biases are plotted in Figure 2, Figure 3 and Figure 4, respectively. The statistics are listed in Table 3, Table 4 and Table 5, respectively.



As can be seen in Figure 2 and Table 3, the disagreement among the predicted orbits using Jacchia 1971 and the precise orbits became larger and larger with the extension of the time span, and the divergence phenomenon became more and more significant. Table 3 shows that the RMSs of disagreement between the predicted orbits and precise orbits in radial direction were just 0.016 m, 0.013 m, 0.021 m, and 0.045 m over 1 h, 2 h, 4 h and 8 h, respectively, and the ones for 12 h and 1 day were 0.0913 m and 0.176 m, respectively. The above analysis indicated that the predicted orbits had good agreement with the precise orbits in radial direction.



As can be observed in Figure 3 and Table 4, the situation for the predicted orbits using MSIS86 had a similar phenomenon to the ones using Jacchia 1971, as seen in Figure 2. The RMSs of the disagreement in radial direction were 0.016 m, 0.014 m, 0.025 m, and 0.053 m for 1 h, 2 h, 4 h, and 8 h, respectively, and the ones for 12 h and 1 day were 0.103 m and 0.200 m, respectively. The results show that the predicted orbits were very close to the SSALTO orbits. From Table 3 and Table 4, we can see that the values of RMS for predicted orbits using MSIS86 were somewhat larger than those using Jacchia 1971.



Figure 4 shows that the disagreement among the predicted orbits using DTM87 and the SSALTO orbits has a similar phenomenon with the results derived from the above two atmospheric densities. Table 5 shows that the RMSs of disagreement in radial direction are 0.016 m, 0.014 m, 0.024 m, and 0.050 m corresponding to 1 h, 2 h, 4 h, and 8 h, respectively, and the ones for 12 h and 1 day are 0.099 m and 0.191 m, respectively. The accuracy in radial direction was a little lower than that of using Jacchia 1971 and better than that when using MSIS86.



From the above analysis, we can see that all three models had good agreement with precise orbits, with the RMS even for one day all being better than 0.200 m compared with the precise orbits in radial component. Table 3, Table 4 and Table 5 denote that the accuracy of the predicted orbits for 1 h time span was somewhat lower than those for 2 h. The main reason is that the integrator oscillates when it starts to integrate, but it becomes stable after a while. In general, the predicted orbits in three dimensions using Jacchia 1971 were better than the results using the other two models.




3.1.2. Orbital Comparison within a Long-Term Arc Period


In order to evaluate the effect of the orbital prediction strategy for long-term, the arc length was extended to 3 days and 7 days, and orbits fitted to the SSALTO orbits were performed using Jacchia 1971, MSIS86 and DTM87 atmospheric density models. The orbital differences between the predicted orbits and SSALTO ones using MSIS86, Jacchia 1971, and DTM87 models are plotted in Figure 5, Figure 6 and Figure 7, respectively, and the statistics are summarized in Table 6, Table 7 and Table 8, respectively.



As can be seen in Figure 5 and Table 6, consistencies between the predicted orbits with Jacchia 1971 and the precise orbits using 3-day arc were significantly better than that when using the 7-day arc in three components, and the disagreement between the predicted orbits with Jacchia 1971 and the precise orbits for 3-day arc was 0.573 m and the one for 7-day arc was 1.421 m in the radial direction.



It can be observed in Figure 6 and Table 7 that agreement between the predicted orbits with MSIS86 and the SSALTO orbits using the 3-day arc was significantly better than that of using the 7-day arc in three components, and for the 3-day arc, the RMS of the inconsistency was 0.653 m in the radial direction and that for the 7-day arc was 1.621 m.



Figure 7 and Table 8 show that the orbital disagreement among the predicted orbits using DTM87 and the precise orbits for the 3-day arc was 0.616 m and the one for the 7-day arc was 1.506 m in radial direction. The accuracy was better than that from MSIS86, and worse than that from Jacchia 1971.



The above figures, tables, and analyses suggest that the predicted orbits using the Jacchia 1971 atmospheric density model had the best agreement with SSALTO orbits in the long time periods in three dimensions, and the accuracy of predicted orbits using the 3-day arc was significantly better than that using 7-day arc, which certified that the accuracy of predicted orbits will be decreased with the extension of time span.





3.2. Analysis of Repeated Ground Track


In order to assess the repeating ground track for HY-2A, the predicted ground trajectory of this mission for 28 days is shown in Figure 8.



According to Equations (2) and (3), comparing the equatorial longitudinal distance between the equatorial crossing points of prediction trajectory and those of precise trajectory derived from SSALTO is an effective method of evaluating the accuracy of orbit prediction. To inspect the effect of our prediction strategy, we computed the ascending nodes and descending nodes with three atmospheric density models using the 3-day and 7-day arcs during 28 days, including two repeating cycles. At the same time, we also calculated the position of equatorial crossing points using precise orbits for 28 days. There are 256 nodes for these two successive periods. The equatorial distances of the successive ascending nodes and descending nodes between the predicted ground tracks using the three atmospheric density models and the precise ground track are plotted in Figure 9 and Figure 10, and the statistics are summarized in Table 9.



Figure 9 and Figure 10, and Table 9 indicate that the equatorial distances between the predicted orbits and precise orbits were enlarged a few meters with the extension of the prediction arc length. The RMS of equatorial distances using the 3-day arc length were about 0.0171 km, 0.0184 km, and 0.0180 km using Jacchia 1971, MSIS86, and DTM87, respectively, and the RMSs using 7-day arc interval were 0.0188 km, 0.0200 km, and 0.0190 km using Jacchia 1971, MSIS86, and DTM87, respectively, which show that the predicted trajectory with Jacchia 1971 had the best agreement with the SSALTO trajectory. Both tests indicated that the equatorial distances between the predicted trajectory and precise trajectory were smaller than 1.0 km. The predicted orbits obtained using our strategy could meet the needs of HY-2A trajectory design. The Jacchia 1971 atmospheric model has a few advantages in the computation of equatorial distances of ground tracks between the predicted orbits and precise orbits.



According to Equations (2) and (3), comparing the equatorial distances of predicted orbits between successive repeating cycles is another effective method of validating the accuracy of predicted orbits, and this method can also test and verify the validity of the trajectory design and control. The repeating cycle period of the HY-2A satellite is about 14 days. Therefore, to compare the equatorial distances of ground tracks for HY-2A, we carried out orbital prediction for 28 days using the three atmospheric density models. The equatorial distance between the predicted orbits of successive periods using the 3-day arc and the 7-day arc are plotted in Figure 11 and Figure 12, respectively, and the statistics are summarized in Table 10. To compare the predicted equatorial distances with those of the precise ones, we also computed the equatorial distances of the precise orbits, as shown in Figure 11 and Figure 12, and statistics are listed in Table 10.



From Figure 10 and Figure 11, and Table 10, we found that the equatorial ground track distances between the successive periods were all better than 0.3 km using the three different atmospheric density models using the 3-day and 7-day arcs, and that of SSALTO was about 0.2515 km and better than that predicted using the three atmospheric density models. The RMSs of the equatorial ground track distance derived from Jacchia 1971 for 3-day and 7-day arcs were 0.2519 km and 0.2505 km, respectively, and those from MSIS86 were 0.2521 km and 0.2535 km, and those from DTM87 model were 0.2521 km and 0.2526 km. We found that the accuracy of equatorial ground track distance of the 3-day arc was better than that of the 7-day arc for MSIS86 and DTM87, while that for Jacchia 1971 was somewhat different. The main reason is that coincidence of predicted results between the adjacent period derived from Jacchia 1971 for the 7-day arc was a little more stable than those for the 3-day arc judging from the value of STD. The above analyses show that the relatively optimal accuracy of equatorial distances for the 3-day and 7-day arcs were both derived from the Jacchia 1971 model, and the predicted orbits could meet the requirements of better than 1 km. The analysis also showed that the three atmospheric models were all stable when predicting the orbit for HY-2A during the 28 days, and the trajectory controls for HY-2A were all effective.



In order to check the repeating ground track, we also computed the equatorial longitudinal separation between two successive ground tracks using SSALTO orbits for HY-2A, JASON-2, and JASON-3. JASON-2 and JASON-3 had a similar repeating cycle of about 10 days. The equatorial longitudinal separation of ground track between two successive periods for these three satellites are exhibited in Figure 13, and the statistics are summarized in Table 11.



Figure 13 and Table 11 exhibit that the RMS of the equatorial longitudinal separation for JASON-2 was 0.0915 km, and the one for JASON-3 was 0.1276 km. Both of them were better than that of HY-2A. As can be seen from Figure 12 and Table 11, JASON-3 had the most stable equatorial distances between successive periods among these three satellites, and JASON-2 had more stable equatorial distances than HY-2A did, which is demonstrated by STD in Table 11. Compared with JASON-3, there was space for HY-2A to improve the trajectory to maintain considerable stability and accuracy of equatorial distances between successive periods to improve the quality of application for altimetry data. One possible reason may be that the JASON’s altitude of about 1336 km was higher than that of HY-2A of about 970 km, which makes the JASON satellites receive less atmospheric resistance than HY-2A does. Another reason may be that the capability of trajectory control for JASON was better than that of HY-2A.





4. Discussion


The launch of the high-accuracy and high-resolution series altimetry satellite of the HY-2 is on schedule. To ensure the effectiveness of the application of data and provide guidance for satellite orbit maneuvering, orbit prediction and quality evaluation of altimetry satellites is essential. This work will provide an important reference for other altimetry satellite orbit predictions and can play a guiding role, especially for the precise orbit prediction for LEO navigation satellites to be launched in the future. Furthermore, this work will be helpful to the study of space weather involving the atmospheric density models.



To obtain precise orbit prediction for the HY-2A satellite, three classical atmospheric density models are adopted in this paper, and the difference between predicted orbit and precise orbit are compared and evaluated in short-term and long-term arcs. To test the ground track of the predicted orbit in the repetitive cycle, a method of interpolation special for spherical surface was introduced to calculate the intersection of the trajectory and the equator, and the equatorial distances between the predicted ground track and precise track and between predicted ground track of successive repeating cycles were analyzed in detail.



Previous studies have described the HY-2A orbit prediction [7,8]. These studies neither carry out pure dynamic orbit prediction from the initial orbital parameters nor compare the atmospheric density models. Therefore, it is difficult to judge which atmospheric density model is suitable for HY-2A and to test the perfection of the dynamic models. Wang et al. [7] needed to know the precise orbits throughout the forecast period and then fitted the satellite orbits. Zhu et al. [8] applied ARMA algorithms for orbit prediction, but this method could not reflect the physical mechanism of satellite orbits.



The accuracy evaluation methods of predicted orbits for an altimetry satellite are very important. The accuracy of the predicted orbits directly determines whether the satellite altimetry data analysis is correct or not, and whether the satellite is required to issue orbital maneuvers. Most of the research done compares the forecasting orbit with the precision orbit [7,8]. This paper not only compares with the precision orbit but also compares the ground track of predicted orbit, and it assesses the equatorial distance of the ground track between the successive repeating cycles.



The trajectory design and control of HY-2A should be further improved. As an HY-2 series satellite, HY-2B is one of the HY-2 series ocean dynamic satellites. HY-2B was launched on October 25, 2018, and will form a network with the subsequent HY-2C and HY-2D for maritime environmental monitoring. The research of this paper will provide a theoretical and methodological reference for the orbit prediction of these missions.




5. Conclusions


The main purpose of this article was to promote the optimal atmospheric density model to predict the orbit for the HY-2A satellite, thus providing theoretical and methodological reference for orbit prediction of other altimeter satellites, especially for the HY-2 series of satellites.



To validate the result of orbit prediction with three models for short-term and long-term time periods, we have predicted HY-2A orbits for 1 h, 2 h, 4 h, 8 h, 12 h, 24 h, 3 days, and 7 days using Jacchia 1971, MSIS86, and DTM87 atmospheric density models. Compared with the precise orbits, the smallest radial RMSs values could reach 0.016 m, 0.176 m, 0.573 m, and 1.421 m for 1 h, 1 day, 3 days, and 7 days, respectively, which were all obtained from the Jacchia 1971 atmospheric density model. To assess the predicted orbit, equatorial distances in the longitude direction have also been computed. The smallest equatorial distances between the predicted ground track and the precise ones were 0.0171 km and 0.0188 km for 3-day and 7-day arcs, respectively, using Jacchia 1971, and the smallest ones between the predicted ground track of successive repeating cycles were 0.2519 km for 3-day arcs and 0.2505 km for 7-day arcs using Jacchia 1971. The studies indicated that using Jacchia 1971 can achieve the best predicted orbits, followed by DTM87, and the worst was using MSIS86. The largest RMS value difference was between Jacchia 1971 and MSIS86, followed by a smaller difference between Jacchia 1971 and DTM87, and the least one was between DTM87 and MSIS86. The main reasons include the following aspects. First, the MSIS-class models had not included drag measurements and satellite-borne accelerometer data, which makes it deficient to be applied to orbital prediction. Second, the MSIS-class models are derived from the DTM, which causes a small difference between the RMS values of predicted results derived from two models. Third, Jacchia 1971 is mostly based on drag data obtained by observing the orbital motion of numerous satellites.



To evaluate the effect of trajectory control for the HY-2A satellite, we also compared the equatorial distances of the ground track with the successive periods for HY-2A, JASON-2, and JASON-3, and the result showed that the equatorial distances of ground track between the successive periods for HY-2A are about 0.25 km and are obviously worse than those of JASON-2 and JASON-3. One possible reason may be that the altitude of HY-2A is lower than that of JASON, which makes HY-2A suffer larger atmospheric drag than JASON-2 and JASON-3 do. Another reason may be that the capability of trajectory control for JASON is better than that of HY-2A.



From the test results, the following conclusions can be drawn. First, the predicted orbits with Jacchia 1971 have the best agreement with the precise orbits, and as the arc extended, the orbital disagreement became larger and larger, and the disagreement of Jacchia 1971 was the smallest among the three models. Second, the ability to obtain high-precision predicted orbits for the HY-2A satellite depended primarily on our well-established orbital dynamics model. Third, the interpolation method especially used for a spherical surface could effectively calculate the position of the interpolation point on the spherical surface for the ground track, thus providing an effective way for the evaluation of the repeated trajectory of the ground track. Fourth, the trajectory design and control of HY-2A need to be improved to better meet the requirements of the altimetry data.



However, for long-term trend analysis, greater effort should be put into researching the recently derived atmospheric density models, which will provide important practical application value in trajectory design and coverage evaluation for the following HY-2 series altimetry satellites.
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Figure 1. The diagram for the computation of equatorial longitude of ground track: (a) ascending, and (b) descending. 
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Figure 2. Differences between the predicted orbits and precise orbits within 1 h (a), 2 h (b), 4 h (c), 8 h (d), 12 h (e), and 24 h (f) using the Jacchia 1971 atmospheric density model. 
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Figure 3. Differences between the predicted orbits and the precise orbits within 1 h (a), 2 h (b), 4 h (c), 8 h (d), 12 h (e), and 24 h (f) using the MSIS86 atmospheric density model. 
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Figure 4. Differences between the predicted orbits and the precise orbits within 1 h (a), 2 h (b), 4 h (c), 8 h (d), 12 h (e), and 24 h (f) using the DTM87 atmospheric density model. 
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Figure 5. The orbital differences between the predicted orbits and the precise ones within 3 days (a), and 7 days (b), using the Jacchia 1971 atmospheric density model. 
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Figure 6. The orbital differences between the predicted orbits and the SSALTO ones within 3 days (a), and 7 days (b), using the MSIS86 atmospheric density model. 
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Figure 7. Orbital differences between the predicted orbits and the precise ones within 3 days (a), and 7 days (b), using the DTM87 atmospheric density model. 
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Figure 8. The ground trajectory predicted using Jacchia 1971 model for the HY-2A satellite for 28 days. 
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Figure 9. The equatorial distances of equatorial crossing points between the predicted trajectory with three atmospheric density models using the 3-day arc and precise trajectory during two successive periods of 28 days. 
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Figure 10. The equatorial distances of equatorial crossing points between the predicted trajectory with three atmospheric density models using 7-day arc and precise trajectory during two successive periods of 28 days. 
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Figure 11. Equatorial distances of predicted and SSALTO ground tracks between two successive repeating cycles for the HY-2A satellite using 3-day arc. 
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Figure 12. Equatorial distances of predicted and SSALTO ground tracks between two successive repeating cycles for the HY-2A satellite using 7-day arc. 
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Figure 13. The equatorial longitudinal separation of ground track between two successive periods for HY-2A, JASON-2, and JASON-3 satellites. 
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Table 1. Dynamic models for precise orbit prediction of HY-2A.
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	Items
	Description





	Coordinates of DORIS beacon stations
	http://www.ipgp.fr/~willis/DPOD2008/



	Earth gravity model
	EGM2008 [24], 80 × 80



	N-body
	JPL DE403 [25]



	Solid Earth tides
	IERS2010 [26]



	Ocean tides and ocean tide loading
	FES2004 [27]



	Relativistic effect
	IERS2003 [28]



	Solar radiation pressure
	Box-Wing [29]



	Earth albedo radiation
	Knocke–Ries–Tapley [30]



	Tropospheric model
	Hopfied [31]



	Atmospheric drag
	MSIS86 [12], Jacchia 1971 [11], DTM87 [13]
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Table 2. The optical and infrared properties of the macro-model and the plate surfaces.
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Surface (m2)

	
Normal in Satellite Reference Frame

	
Optical Properties

	
Infrared Properties




	
X

	
Y

	
Z

	
Diffuse

	
Emissivity

	
Diffuse

	
Emissivity






	
2.50

	
1

	

	

	
0.54

	
0.46

	
0.31

	
0.69




	
2.92

	
−1

	

	

	
0.54

	
0.46

	
0.31

	
0.69




	
5.85

	

	
1

	

	
0.54

	
0.46

	
0.31

	
0.69




	
6.74

	

	
−1

	

	
0.54

	
0.46

	
0.31

	
0.69




	
4.93

	

	

	
1

	
0.54

	
0.46

	
0.31

	
0.69




	
4.60

	

	

	
−1

	
0.54

	
0.46

	
0.31

	
0.69




	
9.06

	

	
−1

	

	
0.36

	
0.64

	
0.16

	
0.84




	
9.06

	

	
1

	

	
0.06

	
0.94

	
0.06

	
0.94




	
0.71

	
1

	

	

	
0.85

	
0.15

	
0.21

	
0.79




	
0.60

	
1

	

	

	
0.85

	
0.15

	
0.21

	
0.79




	
0.89

	

	
1

	

	
0.73

	
0.27

	
0.13

	
0.87




	
1.50

	

	

	
1

	
0.85

	
0.15

	
0.21

	
0.79




	
1.80

	

	

	
1

	
0.85

	
0.15

	
0.21

	
0.79
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Table 3. The statistics of orbit differences between the predicted orbits and precise orbits within 1 h, 2 h, 4 h, 8 h, 12 h, and 24 h using the Jacchia 1971 atmospheric density model (m).
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Radial

	
Along Track

	
Cross Track

	
3-D




	
(Standard Deviation) STD

	
RMS

	
STD

	
RMS

	
STD

	
RMS

	
RMS






	
1 h

	
0.015

	
0.016

	
0.015

	
0.029

	
0.061

	
0.082

	
0.089




	
2 h

	
0.013

	
0.013

	
0.030

	
0.059

	
0.057

	
0.065

	
0.089




	
4 h

	
0.018

	
0.021

	
0.103

	
0.160

	
0.048

	
0.059

	
0.172




	
8 h

	
0.039

	
0.045

	
0.382

	
0.579

	
0.048

	
0.062

	
0.584




	
12 h

	
0.077

	
0.091

	
0.921

	
1.363

	
0.058

	
0.068

	
1.367




	
24 h

	
0.144

	
0.176

	
4.101

	
6.045

	
0.262

	
0.265

	
6.054
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Table 4. The statistics of orbit differences between the predicted orbits and the SSALTO ones within 1 h, 2 h, 4 h, 6 h, 12 h, and 24 h using the MSIS86 atmospheric density model (m).
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Radial

	
Along Track

	
Cross Track

	
3-D




	
STD

	
RMS

	
STD

	
RMS

	
STD

	
RMS

	
RMS






	
1 h

	
0.015

	
0.016

	
0.015

	
0.029

	
0.061

	
0.082

	
0.089




	
2 h

	
0.014

	
0.014

	
0.038

	
0.068

	
0.057

	
0.065

	
0.095




	
4 h

	
0.021

	
0.025

	
0.128

	
0.195

	
0.049

	
0.060

	
0.206




	
8 h

	
0.044

	
0.053

	
0.467

	
0.707

	
0.051

	
0.065

	
0.712




	
12 h

	
0.086

	
0.103

	
1.102

	
1.639

	
0.069

	
0.078

	
1.644




	
24 h

	
0.160

	
0.200

	
4.783

	
7.084

	
0.314

	
0.316

	
7.094
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Table 5. The statistics of orbit differences between the predicted orbits and the precise ones within 1 h, 2 h, 4 h, 8 h, 12 h, and 24 h using the DTM87 atmospheric density model (m).
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Radial

	
Along Track

	
Cross Track

	
3-D




	
STD

	
RMS

	
STD

	
RMS

	
STD

	
RMS

	
RMS






	
1 h

	
0.015

	
0.016

	
0.015

	
0.029

	
0.061

	
0.082

	
0.089




	
2 h

	
0.014

	
0.014

	
0.036

	
0.067

	
0.057

	
0.065

	
0.094




	
4 h

	
0.020

	
0.024

	
0.124

	
0.191

	
0.049

	
0.060

	
0.201




	
8 h

	
0.042

	
0.050

	
0.454

	
0.690

	
0.051

	
0.064

	
0.695




	
12 h

	
0.082

	
0.099

	
1.056

	
1.578

	
0.067

	
0.076

	
1.583




	
24 h

	
0.153

	
0.191

	
4.591

	
6.800

	
0.300

	
0.302

	
6.809
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Table 6. The statistics of orbital differences between the predicted ones and the SSALTO ones within 3 days and 7 days using the Jacchia 1971 atmospheric density model (m).
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Radial

	
Along Track

	
Cross Track

	
3-D




	
STD

	
RMS

	
STD

	
RMS

	
STD

	
RMS

	
RMS






	
3 days

	
0.475

	
0.573

	
37.488

	
56.006

	
2.664

	
2.664

	
56.073




	
7 days

	
1.210

	
1.421

	
201.783

	
303.025

	
14.812

	
14.812

	
303.39
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Table 7. The statistics of orbital differences between the predicted orbits and the precise orbits within 3 days and 7 days using the MSIS86 atmospheric density model (m).
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Radial

	
Along Track

	
Cross Track

	
3-D




	
STD

	
RMS

	
STD

	
RMS

	
STD

	
RMS

	
RMS






	
3 days

	
0.532

	
0.653

	
44.304

	
66.073

	
3.171

	
3.171

	
66.152




	
7 days

	
1.361

	
1.621

	
238.858

	
358.794

	
17.622

	
17.621

	
359.23
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Table 8. The statistics of orbit differences between the predicted orbits and the precise ones within 3 days and 7 days using the DTM87 atmospheric density model (m).
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Radial

	
Along Track

	
Cross Track

	
3-D




	
STD

	
RMS

	
STD

	
RMS

	
STD

	
RMS

	
RMS






	
3 days

	
0.502

	
0.616

	
41.653

	
62.332

	
2.982

	
2.983

	
62.406




	
7 days

	
1.272

	
1.506

	
219.122

	
330.629

	
16.202

	
16.202

	
331.029
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Table 9. Statistics of the equatorial distances of equatorial crossing points between the trajectory predicted with three atmospheric density models using the 3-day and 7-day arcs and a precise trajectory during two successive periods of 28 days (km).
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3-Day Arc

	
7-Day Arc




	

	
SSALTO-

Jacchia 1971

	
SSALTO-

MMIS86

	
SSALTO-

DTM87

	
SSALTO-

Jacchia 1971

	
SSALTO-

MSIS86

	
SSALTO-

DTM87






	
MAX

	
0.1380

	
0.1401

	
0.1381

	
0.1282

	
0.1372

	
0.1289




	
MIN

	
−0.0257

	
−0.029

	
−0.0290

	
−0.037

	
−0.0437

	
−0.043




	
STD

	
0.0171

	
0.0184

	
0.0180

	
0.0186

	
0.0196

	
0.0187




	
RMS

	
0.0171

	
0.0184

	
0.0180

	
0.0188

	
0.0200

	
0.0190
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Table 10. The statistics of disagreement of ground track between two successive repeating cycles for the HY-2A satellite using the 3-day arc and the 7-day arc (km).
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3-day Arc

	
7-day Arc




	

	
SSALTO

	
Jacchia 1971

	
MSIS86

	
DTM87

	
Jacchia 1971

	
MSIS86

	
DTM87






	
MAX

	
−0.1053

	
−0.1894

	
−0.1894

	
−0.1894

	
−0.1827

	
−0.1827

	
−0.1827




	
MIN

	
−0.4354

	
−0.3251

	
−0.3266

	
−0.3256

	
−0.3112

	
−0.3389

	
−0.3308




	
STD

	
0.0395

	
0.0311

	
0.0315

	
0.0320

	
0.0290

	
0.0322

	
0.0352




	
RMS

	
0.2515

	
0.2519

	
0.2521

	
0.2521

	
0.2505

	
0.2535

	
0.2526
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Table 11. The statistics of the equatorial longitudinal separation of ground track between two successive periods for HY-2A, JASON-2, and JASON-3 satellites.
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	MAX
	MIN
	STD
	RMS





	JASON-3
	−0.0570
	−0.1946
	0.0281
	0.1276



	JASON-2
	0.2122
	−0.0426
	0.0379
	0.0915



	HY-2A
	−0.1053
	−0.4354
	0.0395
	0.2515
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