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Abstract

:

The first Chinese altimetry satellite, Haiyang-2A (HY-2A), which was launched in 2011, has provided a large amount of sea surface heights which can be used to derive marine gravity field. This paper derived the vertical deflections and gravity disturbances using HY-2A observations for the major area of the whole Earth’s ocean from 60°S and 60°N. The results showed that the standard deviations (STD) of vertical deflections differences were 1.1 s and 3.5 s for the north component and the east component between HY-2A’s observations and those from EGM2008 and EIGEN-6C4, respectively. This indicates the accuracy of the east component was poorer than that of the north component. In order to clearly demonstrate contribution of HY-2A’s observations to gravity disturbances, reference models and the commonly used remove-restore method were not adopted in this study. Therefore, the results can be seen as ‘pure’ signals from HY-2A. Assuming the values from EGM2008 were the true values, the accuracy of the gravity disturbances was about −1.1 mGal in terms of mean value of the errors and 8.0 mGal in terms of the STD. This shows systematic errors if only HY-2A observations were used. An index of STD showed that the accuracy of HY-2A was close to the theoretical accuracy according to the vertical deflection products. To verify whether the systematic errors of gravity field were from the long wavelengths, the long-wavelength parts of HY-2A’s gravity disturbance with wavelengths larger than 500 km were replaced by those from EGM2008. By comparing with ‘pure’ HY-2A version of gravity disturbance, the accuracy of the new version products was improved largely. The systematic errors no longer existed and the error STD was reduced to 6.1 mGal.
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1. Introduction


Satellite altimetry plays a significant role in Earth science, such as marine gravity field recovery [1,2,3,4,5,6], ocean current inversion [7,8,9], seafloor topography estimation [10,11], geological interpretations [12,13,14,15], and so on. Due to its wide applications, since the first altimetry satellite experiments mission was developed by National Aeronautics and Space Administration (NASA) in 1973, several countries have launched altimetry satellites for various applications. As the first altimetry satellite developed by China, HY-2A (Haiyang-2A) was launched in 2011, and in 2016 its orbit was changed for conducting geodetic applications, i.e., marine gravity inversion.



Since HY-2A was launched, many scholars have discussed the accuracy of HY-2A altimetry sea surface height (SSH) observations and proposed methods to improve the accuracy. Bao et al. [16] presented the first accuracy assessment of HY-2A SSH and tested its mission requirements. Cui et al. [17] adopted Jason2 to reduce orbit errors of HY-2A by minimizing crossover differences between HY-2A and Jason2. Correspondingly, the standard deviation (STD) of self-crossover differences of HY-2A was decreased from 7.46 cm to 6.55 cm. Jiang et al. [18] reprocessed the SSH measurements from HY-2A radar altimeter and the STD of the crossover SSH differences for HY-2A was around 4.53 cm, which was largely improved when compared to that of HY-2A Interim Geophysical Data Record (IGDR) product. Zhang et al. [19] proved that HY-2A results were at a comparable level with respect to other missions like Jason-1 and CryoSat-2. These results indicate that HY-2A data can be used for Earth science research as other altimetry satellites.



Although for as nearly as four years, the orbit of HY-2A has been changed for geodetic mission, the performance of HY-2A in marine gravity derivation is not clear. Recently, an assessment of gravity anomaly accuracy derived from HY-2A was conducted in the South China Sea by Zhu et al. [20], in which the difference between HY-2A and ship-borne gravity was 5.91 mGal, showing that HY-2A can compete with other altimeter missions. Similar conclusions were also obtained by Zhang et al. [21], which pointed out that HY-2A is capable of improving marine gravity field modeling. In the studies of Zhu et al. [20] and Zhang et al. [21], full degrees of EGM2008 were selected as the reference model and the remove-restore method was used. Hence, the final gravity anomaly products also contained signals from EGM2008, which is a very accurate gravity field model. Although it is an effective way to use an accurate gravity field model to provide long-wavelength gravity signals and obtain highly accurate gravity field products, it is not clear how many contributions originate from HY-2A observations. In other words, if the remove-restore method is not used, what will the accuracy of the HY-2A gravity field be? In order to address this issue, the remove-restore method was not used in this study. The present study derived a gravity product between the latitudinal bounds of 60°S and 60°N. It needs to be noted that although the polar gravity data are also very important for Earth sciences, the polar regions are not considered in this study. The reason is that the inclination of HY-2A satellite is 99.34°, which leads to polar gaps with the spherical cap radius of 9.34°. Moreover, 60°S is not far from the Antarctica. For the Arctic Ocean, the accuracy of gravity derived in this area is not only influenced by the HY-2A observation accuracy, but also by values of the areas covered by ice, since the gravity inversion requires data over those areas. Due to these factors, the accuracy of the derived gravity in polar regions would be poorer than that in other ocean areas if the remove-restore method is not used. Instead, we derived gravity products for the major ocean area of the whole Earth from HY-2A. Furthermore, the vertical deflections, another set of important kind of gravity field products, were also derived in this paper.



Several methods can be used to derive marine gravity field using altimetry observations, such as the inverse Stokes formula [6,22], inverse Vening-Meinesz formula [1,2], least squares collocation method [20,23], etc. In this study, Sandwell’s method [3,4] was used, considering that it can be conducted easily by FFT (Fast Fourier Transform). Also, Sandwell’s method has no singular problems like those in the inverse Stokes and inverse Vening-Meinesz formulas, although some integral techniques have been proposed, such as those by Hwang et al. [1]. It needs to be pointed out that, if no remove-restore method is used, in which the long-wavelength part of gravity is replaced by the reference model [23], the results derived by Sandwell’s method are a different physical quantity in relation to those derived from the inverse Stokes and inverse Vening-Meinesz formulas. According to Heiskanen and Moritz [24], the physical quantity derived by Sandwell’s method is the gravity disturbance but not gravity anomaly, which is the derived quantity described by Hwang et al. [1] and Andersen et al. [6]. In order to distinguish these quantities, in this paper, we call it gravity disturbance but not gravity anomaly.



The main objective of this paper was to evaluate the global performance of the HY-2A geodetic mission by deriving vertical deflections and gravity disturbances using “pure” HY-2A altimetry observations. Accuracy assessments were then conducted on the derived products and strategies to improve the final gravity field products were also discussed. In Section 2, methods of vertical deflection computation and gravity disturbance inversion are presented. Section 3 shows data and editing criteria. Results and analysis are presented in Section 4. Discussion and conclusions are shown in Section 5 and Section 6, respectively.




2. Methods


2.1. Vertical Deflections Computation


Vertical deflections were computed at the crossover points as shown in Figure 1.



In Figure 1, the blue and red lines represent the ascending and descending passes, respectively, and A, B, C, and D denote the four observation points near the crossover point. In order to derive vertical deflections, the derivative of the geoid height  N , with respect to time  t , along the orbit was first computed as [3]:


   {      ∂  N a    ∂ t   =   ∂ N   ∂ θ     ∂  θ a    ∂ t   +   ∂ N   ∂ λ     ∂  λ a    ∂ t         ∂  N d    ∂ t   =   ∂ N   ∂ θ     ∂  θ d    ∂ t   +   ∂ N   ∂ λ     ∂  λ d    ∂ t        



(1)




where  θ  and  λ  are the latitude and longitude, respectively, and subscripts  a  and  d  mean the values at the ascending and descending passes, respectively. From Equation (1), we can obtain:


   {    Δ  N a  =   ∂ N   ∂ θ   Δ  θ a  +   ∂ N   ∂ λ   Δ  λ a      Δ  N d  =   ∂ N   ∂ θ   Δ  θ d  +   ∂ N   ∂ λ   Δ  λ d       



(2)







Finally, vertical deflections can be obtained by Equation (3):


   {    ε =  1 R    ∂ N   ∂ θ       η = −  1  R sin θ     ∂ N   ∂ λ        



(3)




where  R  is mean radius of the Earth.




2.2. Gravity Disturbance Computation


As long as vertical deflections are obtained, gravity disturbance, denoted as   δ g  , can be derived from the formula given by Sandwell and Smith [3]:


  δ g  (  K , 0  )  = i f f t  (   i   | K |     γ ¯   [   k x  ε  ( K )  +  k y  η  ( K )   ]   )   



(4)




where


   {    K =  (   k x  ,  k y   )       k x  =  1   λ x         k y  =  1   λ y         | K |  =    k x 2  +  k y 2         



(5)







  i f f t   means inverse FFT;   γ ¯   is the mean value of gravity; and    λ x    and    λ y    are wavelengths of vertical deflections in  x  and  y  axes.





3. Data and Editing Criteria


Six cycles of HY-2A IGDR from National Satellite Ocean Administration Service of China (ftp2.nsoas.org.cn) were used. The time period was from March 30, 2016 to December 27, 2018. Using these data, SSH can be obtained by Equations (6) and (7) as:


  S S H =  h  s a t e l l i t e   −  (   h  c o r r e c t , r a n g e   +  h  s o l i d T   +  h  o c e a n T   +  h  P o l e T   +  h  I A    )   



(6)




where


   h  c o r r e c t e d , r a n g e   =  h  r a n g e   +  h  d r y   +  h  w e t   +  h  i o n o   +  h  s s b    



(7)







   h  s a t e l l i t e     is height of the HY-2A satellite above the reference ellipsoid;    h  r a n g e     means the residual range observations, which is the range from the satellite to the sea surface;    h  d r y    ,    h  w e t    , respectively, represent wet and dry troposphere corrections;    h  i o n o     means ionosphere correction;    h  s s b     is sea state bias correction;    h  s o l i d T    ,    h  o c e a n T    ,    h  p o l e T     are the solid, ocean, and pole tide corrections, respectively; and    h  I A     is inverse barometer correction. In the observations, many outlying values exist, which must be removed. Values exceeding the range given by Table 1 were removed. In this study, the geoid gradients were represented by gradients of SSH. This is because slope of the ocean surface caused by mean dynamic topography (MDT) is about 50-times smaller than the geoid slope [25,26]. Moreover, the influences of MDT can be weakened during the gradients’ computation [20].



Besides HY-2A observations, EGM2008 [27] and EIGEN6C [28] were selected as the checking models to evaluate accuracy of the gravity field products derived by HY-2A observations. These two models have a spatial resolution of about 10 km and high accuracy.




4. Results and Analysis


4.1. Vertical Deflections


In order to quantify the differences, the vertical deflections derived from HY-2A data (see Figure 2) and their equivalents from EGM2008 and EIGEN-6C4 were compared. It is worth noting that this comparison applied all the degrees and orders of the two gravity field models. However, in order to reduce computation time, when plotting Figure 3, only the former 360 degrees and orders of EGM2008 were used. Figure 3 was mainly used to demonstrate the spatial distribution of the differences. Three regions located in the Atlantic, Indian and Pacific oceans were selected as examples, and the statistics of their differences are given in Table 2. To affirm the results in Table 2, Figure 4 shows the summary statistics of vertical deflections obtained in these selected oceanic regions.



According to Figure 3, HY-2A products were consistent with those from EGM2008 and the differences of east component of vertical deflections were obviously larger than those of the north component. This point is also substantiated by the statistics in Table 2. Definitely, in these regions, STD of the differences between east component of vertical deflections derived from HY-2A and EGM2008 or EIGEN-6C4 were about three-times larger than those of the north component. This was not caused by contributions of winds and currents, because coherent current-related features were not present in the east component errors (see Figure 3b). Instead, it was mainly due to the fact that the vertical deflections were computed along the orbit in order to reduce systematic errors. However, the inclination of HY-2A orbit was close to 90° and was thus close to the direction from the south to north. Under the case of high inclination, the larger errors in east component of vertical deflections can be proven, in theory, by the covariance information of estimates of Equation (2) (see [3]) or the error propagation rule based on Equation (2). The phenomenon is common in altimetry products [3,29], because the inclinations of altimetry satellites are often designed to be close to 90° in order to obtain a larger observation coverage.



According to Table 2, STD of the differences were around 1.1 s and 3.5 s for the north component and east component, respectively. It should be noted that these comparisons were all conducted at crossover points, not the mean values of the grids. Hence, this performance index represents the initial vertical deflection accuracy of HY-2A observations. And then the accuracy of gravity anomalies, denoted as   Δ g  , can be evaluated by the relationship given by Molodensky [30,31]:


   δ  Δ g  2  =  γ 2   (   δ ε 2  +  δ η 2   )   



(8)




where  γ  is normal gravity; and    δ  Δ g     ,    δ ε     and    δ η     denote STD of   Δ g  ,  ε ,  η  errors, respectively. Thus, if values of EGM2008 or EIGEN-6C4 are seen as the true values, the final gravity accuracy should be around 17.3 mGal and the contribution from the north component and east component should be about 4.7 mGal and 16.3 mGal, respectively. According to these values, it seems that the accuracy of the gravity would be poor, especially when compared with the results of Zhu et al. [20]. Indeed, this accuracy corresponds to one cycle’s observations since no grid processing was conducted. However, using observations from multiple cycles, random errors of the vertical deflections can be largely reduced, and the accuracy of gravity can be improved correspondingly. In this paper, six cycles’ observations were used. Thus, the STD of the gravity errors can be reduced by a factor    6   , which corresponds to 7.1 mGal.



It is evident from Figure 4 that vertical deflections from HY-2A are comparable to those obtained from EGM2008 and EIGEN-6C4. However, the east-west components are slightly poorer. Figure 4 is a further substantiation of results in Table 2. In addition, the distributions of vertical deflections showed obvious geological features, such as the Western Pacific Ocean trench, where large values of vertical deflections existed. Definitely, the geological structure influences the distribution of vertical deflections. Conversely, it is possible to use the derived vertical deflections to inverse some geological structure, such as the bathymetry information, which should be studied in future.




4.2. Gravity Disturbance


With the six cycles of HY-2A observations, 30′ × 30′ vertical deflection grids were obtained. In each grid, mean value and STD of the HY-2A vertical deflections were first computed. Values that deviated from the mean by a margin greater than three-times the STD were removed. Finally, new grids of vertical deflections were obtained. In order to conduct the computations in Equation (4), data over land were also needed. However, HY-2A cannot provide vertical deflections over land area. Instead, values from former 360 degrees and orders of EGM2008 were used. In addition, the data in the ocean area where the water depths shallower than −1000 m were also provided by EGM2008. It needs to be noted that, in waters deeper than −1000 m, only HY-2A observations were used. The final gravity accuracy assessments were also only conducted over the areas where only HY-2A data was used.



The obtained gravity disturbance,   δ g  , in the ocean area deeper than −1000 m, is given in Figure 5a. The differences between   δ g   from HY-2A and those from 360 degrees and orders of EGM2008 are given in Figure 5b. The mean and STD of the differences were −1.1 mGal and 8.0 mGal in the whole region, respectively. In these statistics, values exceeding the mean errors by three-times the STD were removed, corresponding to about 3% of the data being removed. The value of 8.0 mGal was close to the theoretical accuracy of 7.1 mGal, which is described in previous section. The differences could mainly be attributed to computational errors and the long-wavelength part of the gravity signals.



According to Figure 5a,   δ g   derived from HY-2A clearly demonstrated main signals of the Earth, such as the trench in the western Pacific. The differences between   δ g   from HY-2A and EGM2008 were smaller than 10 mGal in major part of the study area. Large differences existed in the area near the island, such as the Philippine archipelago. This is consistent with the conclusions of Zhu et al. [20]. In addition, in the west Pacific and northeast Atlantic Ocean areas, the differences were slightly larger than other areas.



In order to further analyze the magnitude of the errors, statistics were conducted in terms of magnitudes of the errors, and the results are given in Table 3. According to the results, 57% of the errors were smaller than 6 mGal and 79% of the errors were smaller than 10 mGal. These results can be rather seen as ‘pure’ HY-2A signals compared to those of Zhu et al. [20] and Zhang et al. [21], since no reference models were used in the ocean area.



The relationship between the inversion accuracy and the water depth was also investigated. Figure 6 shows the relationship between accuracy of the derived gravity disturbance and ocean water depth with an interval of −500 m. Obviously, the accuracy changed with varying water depths. For example, the error STD was smaller than 8 mGal if the water depths were deeper than −2000 m but shallower than −5500 m. In general, the error STD initially decreased and then increased. The accuracy was higher in the depths ranging from −4000–−5000 m compared to gravity disturbances in other depths. According to the error mean values, systematic errors existed. The mean values of the errors represent the magnitude of this kind of error, i.e., about 1.2 mGal. This means that only using HY-2A would make it difficult to derive the full wavelength of gravity signals.





5. Discussion


5.1. Reduction of Systematic Errors


The fourth section analyzed the accuracy of ‘pure’ HY-2A gravity disturbance in oceans and found that systematic errors existed. To verify if this kind of error was from the long-wavelength gravity, a high-pass Gaussian filter with a band pass of 500 km was implemented on the grid values of   δ g   derived from HY-2A. Signals with wavelengths longer than 500 km were replaced by those from EGM2008. In this study, 500 km corresponds to 40 degrees of the gravity field model, which is not high when compared to the reference models used in other studies. In other studies, such as Zhu et al. [20] and Zhang et al. [21], 2160 degrees of the gravity field models were usually used. We selected 500 km as the cutoff wavelength so as to reduce the influence of reference models. Finally, the combined   δ g   was given in Figure 7b.



With values from EGM2008 regarded as true values (shown in Figure 7a), the accuracy of the combined   δ g   was evaluated, and the difference between it and EGM2008 was given in Figure 8. According to Figure 7, the two gravity maps show almost same signals, such as the strong signals in the Mariana Trench and negative values in the Northern Indian ocean, which reflect the mass distribution in the related area. Indeed, there were minor differences between the combined   δ g   and EGM2008 values. In the whole study area, the mean and STD of the combined   δ g   errors were −0.02 mGal and 6.1 mGal, respectively, which were definitely reduced compared to the initial and also ‘pure’   δ g   derived from HY-2A. Figure 9 gives the cumulative ratios of the errors in terms of magnitudes. According to this figure, 70% of the errors were smaller than 6 mGal, and 90% of the errors were smaller than 10 mGal. Compared with Table 3, this index was largely improved. Figure 10 gives the relationship between the accuracy of the new version of   δ g   and the ocean depths. It proves again the improvement of the accuracy compared to that of the ‘pure’ HY-2A version.



However, there were still large errors in deep oceanic regions. For example, in areas deeper than −6000 m, the error STD was larger than 9 mGal and even exceeded 12.4 mGal, which was twice as large as the STD of the whole area, i.e., 6.1 mGal. This means that other strategies should be adopted to improve the accuracy in such areas. The method provided by Sandwell and Smith [26] may be helpful in this regard, and should be studied further. Indeed, the deep ocean areas occupy only a small ratio of the whole study area. Figure 11 shows the number of the grids with water depths deeper than that given by X-axis. Definitely, the number of the grids with depths deeper than −6000 m was only around 1600, whereas there were more than 100,000 grids in the whole study area. Thus, areas deeper than −6000 m occupied no more than 0.15%.




5.2. Inversion of Gravity Anomalies


There are at least two methods that can be used to derive gravity anomalies based on the results derived from Equation (4). The first method is the remove-store method. If a highly accurate gravity field model is used, such as 2160 degrees and orders of EGM2008, the results derived from Equation (4) can be seen as residual gravity anomalies [23]. These values are added to the gravity anomalies provided by the reference model, and new gravity anomalies are obtained. The second method uses the following formula to compute the gravity anomaly [6,23]:


  Δ g = δ g −  2 R  T  



(9)




where   Δ g   denotes gravity anomaly and   T = γ N  ,  N  is geoid height. In this paper, in order to better demonstrate the performance of HY-2A, we adopted this latter method to derive the gravity anomaly. However, geoid heights cannot be provided by HY-2A directly. Instead, SSHs provided by HY-2A were used. In order to show the difference between   Δ g   and   δ g  , a new variable was defined as


  d g =   2 γ ⋅ S S H  R   



(10)







The distribution of   d g   is shown in Figure 12.



Then,   d g   was removed from   δ g  , with the result shown in Figure 5a. Definitely, systematic errors also existed, as in the gravity disturbance. Hence, the long-wavelength part of the gravity anomaly must be replaced. Similar to Section 5.1, we used EGM2008 to provide a gravity anomaly with a wavelength larger than 500 km, and a new version of the gravity anomalies was obtained. The differences between the derived gravity anomalies and those from EGM2008 are shown in Figure 13. In the whole study area, the mean and STD of the differences were −0.005 mGal and 6.1 mGal, respectively, which are almost same as the results of the gravity disturbance.



The V29.1 version of gravity anomalies from Scripps Institution of Oceanography (SIO) was selected as another example for comparison. Similarly, in order to reduce the influence from the long-wavelength part, the part with wavelength longer than 500 km was replaced with that from SIO. Figure 14a shows the distribution of HY-2A derived gravity anomalies and Figure 14b shows the difference between gravity anomalies derived from HY-2A and V29.1. Assuming that V29.1 are the true values, Figure 15 shows the relationship between the errors and the depths. Table 4 gives statistics of the error magnitude for the entire study area.



Obviously, the HY-2A-derived gravity anomalies had larger differences when compared with the SIO gravity anomalies than compared with EGM2008. The main reason was that vertical deflections over the land were provided by EGM2008. This means the values over land also contributed to marine gravity field inversion. However, the main signals were still from the observations in the ocean. According to Table 4, in 62% of the grids, the differences were smaller than 6 mGal. In the whole study area, i.e., areas with water deeper than −1000 m, the mean and STD of the differences were, respectively, −0.3 mGal and 7.9 mGal. According to these results, gravity anomalies with an accuracy higher than 8 mGal can be derived using HY-2A in major oceans of the Earth with no extra-high resolution of gravity field model used as a reference model.



It needs to be noted that the main objective of this study is to evaluate the global performance of HY-2A. Thus, this study tried to use as few signals from reference model as possible. If this point is not considered, several strategies can be used to improve the accuracy of HY-2A-derived gravity anomalies. These may include the remove-restore method, using a reference model with high resolution and accuracy for the whole area but not only providing values in the land area, and corrections for the area above ocean trenches and large seamounts [26]. Other techniques include using an MDT model to reduce the influences caused by the difference between SSH and geoid in Equation (9) [6,32]. Hence, it is possible to derive higher accurate marine gravity field using HY-2A observations, which should be studied further in the future. In addition, the derived gravity anomaly (see Figure 14a) shows abundant information on geological structure, such as oceanic trench, which also should be studied further [33], and should be combined with other gravity products from gravity satellites [34,35,36].





6. Conclusions


Vertical deflections and gravity disturbances were derived using six cycles of HY-2A observations. Compared with EGM2008 and EIGEN-6C4, the east component of HY-2A vertical deflections had a poorer accuracy than that of the north component nearly by three times. If only HY-2A observations were used, gravity disturbances had systematic errors with a magnitude of about 1 mGal. Also, 70% of the errors were smaller than 8 mGal, and 79% of the errors were smaller than 10 mGal in the study area. The systematic errors were mainly caused by the long-wavelength part of the gravity. This point was proved by the replacement of long-wavelength part of gravity by EGM2008, and the combined gravity disturbances were obtained. Correspondingly, compared to EGM2008, the accuracy was improved largely with no large systematic errors, and STD of the errors was reduced to 6 mGal. This means that by combining other sources of gravity data, especially accurate long-wavelength gravity such as gravity products from gravity satellites, an accurate marine gravity field can be obtained as other altimetry satellites.
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Figure 1. Crossover point for computing vertical deflections. 
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Figure 2. Vertical deflections derived from HY-2A observations: (a) North component; (b) East component. 
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Figure 3. Differences between vertical deflections derived from HY-2A observations and EGM2008: (a) North component; (b) East component. 
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Figure 4. Summary statistics of vertical deflections observed from HY-2A, EGM2008, and EIGEN-6C4 in the three selected oceanic regions: (a) North components in Atlantic Ocean; (b) East components in Atlantic Ocean; (c) North components in Indian Ocean; (d) East components in Indian Ocean; (e) North components in Pacific Ocean; and (f) East components in Pacific Ocean. 
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Figure 5.   δ g   derived from HY-2A (a) and the difference (b) between   δ g   and those from EGM08. 
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Figure 6. Accuracy at different depth of the water: (a) Error mean values; (b) error STD values. 
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Figure 7. Signals: (a)   δ g   from EGM2008; (b) the combined   δ g  . 
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Figure 8. The differences between   δ g   from HY-2A (the combined version) and that from EGM2008. 
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Figure 9. Ratio of the gravity disturbance error compared to EGM2008. 
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Figure 10. Accuracy of the new version of   δ g   with varying water depth: (a) Error mean values; (b) error STD values. 
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Figure 11. Number of grids with different depths. 
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Figure 12. Distribution of   d g  . 
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Figure 13. Ratio of gravity anomaly errors compared to EGM2008. 
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Figure 14. (a) HY-2A-derived gravity anomaly and (b) differences between the HY-2A-derived gravity anomaly and SIO. 
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Figure 15. Error compared to SIO gravity anomalies: (a) Absolute values of mean error; (b) error STD. 
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Table 1. Editing criteria of the HY-2A altimeter products.
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	Term
	Range (unit: m)





	SSH
	[−130,100]



	SLA
	[−2,2]



	bathymetry
	>1000



	ionosphere correction
	[−0.4,0.04]



	dry troposphere correction
	[−2.5,−1.9]



	wet troposphere correction
	[−0.5,0.001]



	sea state bias correction
	[−0.5,0]



	solid tide correction
	[−1,1]



	ocean tide correction
	[−5,5]



	pole tide correction
	[−5,5]



	inverse barometer correction
	[−2,2]



	range_rms_ku
	[0.2,10]



	swh_ku
	[0,11]



	sig0_ku
	[7,30]



	wind_speed_alt
	[0,30]



	off_nadir_angle_ku_wvf
	[−0.2,0.64]



	sig0_rms_ku
	[1,10]
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Table 2. Statistics of differences between vertical deflections from the HY-2A and gravity field models.
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Region

	
GGM

	
Component of Deflection of Vertical

	
Mean (second)

	
STD

(second)






	
Atlantic Ocean (45°W–30°W, 45°N–60°N)

	
EGM2008

	
South-North

	
−0.0519

	
1.1707




	
East-West

	
−0.0510

	
3.2591




	
EIGEN-6C4

	
South-North

	
−0.0500

	
1.1804




	
East-West

	
−0.0497

	
3.2663




	
Indian Ocean (90°E–105°E, 30°S–15°S)

	
EGM2008

	
South-North

	
0.0722

	
0.9688




	
East-West

	
−0.0457

	
3.3722




	
EIGEN-6C4

	
South-North

	
0.0712

	
0.9788




	
East-West

	
−0.0477

	
3.3785




	
Pacific Ocean (135°W–120°W, 45°S–30°S)

	
EGM2008

	
South-North

	
0.0417

	
1.2312




	
East-West

	
0.0084

	
3.8764




	
EIGEN-6C4

	
South-North

	
0.0414

	
1.2373




	
East-West

	
0.0088

	
3.8776
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Table 3. Error magnitude statistics.
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	Index (mGal)
	2
	4
	6
	8
	10



	Percent
	21%
	40%
	57%
	70%
	79%



	Index (mGal)
	12
	14
	16
	18
	20



	Percent
	86%
	91%
	94%
	96%
	98%
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Table 4. Statistics about the magnitude of gravity anomaly errors.
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	Index (mGal)
	2
	4
	6
	8
	10



	Percent
	24%
	45%
	62%
	74%
	82%



	Index (mGal)
	12
	14
	16
	18
	20



	Percent
	87%
	91%
	94%
	96%
	97%
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