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Abstract

:

Swarm-C satellite, a new instrument for atmospheric study, has been the focus of many studies to evaluate its usage and accuracy. This paper takes the Swarm-C satellite as a research object to verify the Swarm-C accelerometer’s inversion results. This paper uses the two-row orbital elements density inversion to verify the atmospheric density accuracy results of the Swarm-C satellite accelerometer. After the accuracy of the satellite data is verified, this paper conducts comparative verification and empirical atmospheric model evaluation experiments based on the Swarm-C accelerometer’s inversion results. After comparing with the inversion results of the Swarm-C semi-major axis attenuation method, it is found that the atmospheric density obtained by inversion using the Swarm-C accelerometer is more dynamic and real-time. It shows that with more available data, the Swarm-C satellite could be a new high-quality instrument for related studies along with the well-established satellites. After evaluating the performance of the JB2008 and NRLMSISE-00 empirical atmospheric models using the Swarm-C accelerometer inversion results, it is found that the accuracy and real-time performance of the JB2008 model at the altitude where the Swarm-C satellite is located are better than the NRLMSISE-00 model.
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1. Introduction


It is crucial to study the atmospheric density of the thermosphere. The atmospheric density of the thermosphere can be applied to a variety of different scientific researches and different types of satellite orbit calculations. Its application scope includes satellite return prediction, space object orbit maneuver planning and maintenance, and the thruster’s fuel carrying capacity estimation. The thermosphere’s atmospheric density is one of the most critical research objects in geophysics [1,2,3]. It is also one of the critical variables for calculating drag in satellite precise orbit determination.



The improvement of the observational data of thermosphere atmospheric density and the horizontal wind has promoted various atmospheric models [4,5]. The existing atmospheric models are mainly physical and empirical [6,7,8]. These two types of models have their advantages and application areas. The physical model is based on fundamental physical functions. This series includes the global atmospheric circulation model (TGCM) and local high-resolution airflow models [9,10]. These models can simulate the temperature, density, composition, horizontal wind, and atmosphere’s response to different energy inputs. The empirical model consists of several sets of relatively simple functions, usually used to represent long-term and large-scale atmospheric characteristic changes [11,12,13]. These functions contain parameters fitted using existing observation data. A large amount of observation data is needed to improve the model’s accuracy. The prediction accuracy of the existing atmospheric models, whether physical or empirical, depends on the solar activity cycle and geomagnetic activity index’s prediction accuracy.



The main empirical models are the Jacchia series model, the Drag Temperature Model (DTM) series model, and the Mass Spectrometer Incoherent Scatter (MSIS) series model [14]. These empirical atmospheric models have been widely used in modern satellite orbit determination. Jacchia and MSIS series atmospheric models are more frequently used than DTM series models. However, the Jacchia, MSIS, and DTM series models rely too much on the correlation between atmospheric density, temperature, composition, and F10.7, AP, and KP indices. During the quiet period of geomagnetic activity, the atmospheric density error predicted by these complex empirical atmospheric models at an altitude of about 300 km is about 20%. For extreme atmospheric conditions, the correlation between these variables will become smaller. Therefore, in extreme atmospheric conditions, the empirical atmospheric model’s accuracy is sometimes even reduced to 15%, depending on the geomagnetic activity level at that time [15]. It is worth noting that although the empirical atmospheric model has been developed in the past 20 years, its accuracy has not been significantly improved. It is impossible to fully capture the upper atmosphere’s variation regulation in extreme cases using a set of solar activity cycle variables and geomagnetic activity levels. It is also impossible to predict extreme cases’ atmospheric parameters through the past observation data [16]. Due to these limitations of the empirical model, there is no breakthrough in estimating atmospheric density and improving the empirical model’s accuracy. Therefore, atmospheric density at high spatial and temporal resolution is essential for evaluating and improving the existing atmospheric density model [17].



In the 1950s, human beings first studied the atmospheric reverse resistance of satellites in space, which paved the way for the classic atmospheric models that followed in the 1960s and early 1970s [18,19,20]. These classical atmospheric models include the MSIS series model, the Priester series model, and the Jacchia series model. The Jacchia-71 model was used as a COSPAR international reference atmosphere in 1972, called Cira-72. Jacchia 70 and Jacchia-71 models have been used as the basis of the NASA Marshall engineering thermosphere (MET). In addition, these models have been applied to satellite life prediction. However, it is a pity that Jacchia’s late model accuracy has not been greatly improved.



From the late 1970s, Alan Hedin and others created a new density model called MSIS, based entirely on the mass spectrometer and incoherent scattering radar observations. The MSIS-86 atmospheric model replaced the Jacchia-71 atmospheric model as the COSPAR international reference atmospheric model, called CIRA-86. Subsequently, the model was expanded and developed into the MSISE-90 atmospheric model. In 2000, Picone and other Navy Research Laboratory (NRL) researchers proposed the NRLMSISE-00 atmospheric model [21]. This model is an improvement on the MSISE-90 atmospheric model. MSIS indicates that the mass spectrometer incoherent scattering radar obtains the atmospheric composition of the atmospheric model. The atmospheric model also contains the thermosphere atmosphere and covers the dissipative bottom layer, covering an altitude range of about 0–1000 km.



The main purpose of this paper is as follows:




	(1)

	
Verify the atmospheric density obtained by the Swarm-C accelerometer inversion and use the atmospheric density obtained by the two-line orbital element method to verify the accuracy of the accelerometer inversion result;




	(2)

	
The accelerometer’s density result and result from the two-line orbital number inversion were compared to discuss the accelerometer inversion of atmospheric density;




	(3)

	
The accelerometer inversion results were used to evaluate the NRLMSISE-00 and JB2008 empirical atmosphere models. The accuracy and real-time performance of the two empirical atmosphere models were compared.










2. Data Acquisition and Processing


The Swarm series by the European Space Agency (ESA) began to launch on 22 November 2013 and carry satellite-borne accelerometers and GPS receivers as part of their scientific payload [22,23]. GPS receivers provide position and time-related information for magnetic field measurement. They can be used to determine non-conservative forces, such as the atmospheric reverse resistance and solar radiation pressure acting on the spacecraft. The accelerometer can directly measure these forces [22]. The measurement result is much higher than the resolution of the GPS receiver. In addition, the thermosphere atmospheric density can be extracted from the Swarm satellite accelerometer.



The data used in this article are from:



Swarm satellite data: https://earth.esa.int/eogateway/missions/swarm accessed on 7 December 2018.



The satellites Swarm A, B, and C suffer from different disturbances. The Swarm-A acceleration data has more disturbances than Swarm-B and C. Swarm-B has a lower signal-to-noise ratio than A and C. Therefore, Swarm-C was chosen to be the research target in this paper. We chose the Level-2 product produced by ESA. The acceleration data need to be calibrated before use. Equation (1) used to calibrate the data is:


   a  c a l    ( t )  = s  ( t )   (   a  r a w    ( t )  +  b s   ( t )   )  −  a  g g    ( t )  −  a  c a    ( t )  +  b T   ( t )  + b  ( t )   



(1)







In the equation above, t is the epoch,    a  c a l     is the acceleration after calibration,   s  ( t )    is the scale factor,    b s   ( t )    is the step correction,    a  g g    ( t )    is the acceleration caused by gravity,    a  c a    ( t )    is the centrifugal acceleration,    b T   ( t )    is bias related to temperature variations,   b  ( t )    is a bias that has no relationship with temperature. The main disturbance in Swarm-C is steps, EDAC failure events, bias caused by temperature changes, and acceleration spikes caused by thruster activation. Data in Figure 1 is from Swarm X-axis accelerometer records on 1 January 2016. The raw data and the calibrated data are shown below.




3. Methods


3.1. Conversion of Orbital Coordinates and Time


The precise orbit data of the Swarm-C satellite contains real-time position coordinates and real-time speed coordinates. The position coordinates and velocity coordinates are in the ITRF geo-fixed system coordinates [24]. In order to study the movement of a satellite, the data in its precise orbit needs to be transferred to the J2000 coordinate system. The specific conversion method is as follows [25].



The satellite’s coordinate in the J2000 coordinate system is   r =  (   r x  ,  r y  ,  r z   )   , and the coordinate value r can be obtained by Equation (2):


  r =  (       x E  c o s θ +  y E  s i n θ       −  x E  s i n θ +  y E  c o s θ        z E       )   



(2)







Suppose the velocity coordinate under J2000 is   r = (  r x  ,  r y  ,  r z  )  . Taking the derivation on both sides of the above formula separately, the velocity coordinate V under J2000 can be obtained as shown in Equation (3):


  v =  (      −  x E  ⋅  θ ˙  ⋅ s i n θ +  v  E x   c o s θ +  y E  ⋅  θ ˙  ⋅ c o s θ +  v  E y   s i n θ       −  x E  ⋅  θ ˙  ⋅ c o s θ −  v E  s i n θ −  y E  ⋅  θ ˙  ⋅ s i n θ +  v  E y   c o s θ        v  E z        )  .  



(3)








3.2. Calculation of Satellite Anti-Ballistic Coefficient


The calculation method of anti-ballistic coefficient  B  is shown in Equation (4). In the formula,    C D    is the damping coefficient of the satellite, A is the effective area of the satellite, and m is the satellite’s mass [26,27]:


  B =    C D  A  m   



(4)







In density inversion based on accelerometer data, the most important thing is to estimate the parameter accurately    C D   . ESA gives the areas and normal vectors of each panel of Swarm. The first step is to calculate the drag force on each satellite panel and then sum it up. The resistance coefficient is calculated based on the Sentman function [28]. Define    u D    as the unit vector of resistance. Then it can be expressed as Equation (5):


   u D  =    v r     |   v r   |     



(5)







In the function,    v r    is the velocity of the satellite towards the atmosphere. Define    u N    as the unit normal vector of the satellite’s panel, define  γ  as the cosine of the angle between molecular flow and the normal vector of the satellite’s panel. Then,  γ  is calculated using Equation (6):


  γ    = −   u D  ⋅  u N   



(6)







Then the molecular speed ratio S can be calculated using Equation (7):


  S =    |   v r   |        3 R T    m a         



(7)







In Equation (7),    m a    is the molar mass of the gas.



The kinetic temperature    T  i n     of the incident gas can be calculated using Equation (8) [29]:


   T  i n   =    m a   v r 2    3 R    



(8)







The gas-particle velocity    v  o u t     after collision can be expressed by Equation (9):


   v  o u t   =  v r     2 3   [  1 +  a E   (     T  w a l l      T  i n     − 1  )   ]     



(9)







   T  i n     is the temperature of the incident airflow.    v  o u t     is the speed of the emergent airflow.    T  w a l l     is the temperature of the satellite’s panel.    a E    is a constant.



Therefore, for the  k -th panel of the satellite, the product formula of the atmospheric damping coefficient and the effective area of the panel is as shown in Equation (10):


   C   D k    ⋅  A k  =  (   P   π    +  γ k  Q Z +  γ 2     v  o u t      v r     (   γ k   π  Z + P  )   )  ⋅  A k   



(10)







In Equation (10),   G =  1  2  S 2    , P =  1 S  e x p ( −  γ 2   S 2  ) , Q = 1 + G , Z = 1 + e r f  (  γ S  )   .



The atmospheric density  ρ  around the final satellite orbit can be calculated using Equation (11):


  ρ =    a  c a l      (   1 2     C D  A  m   v r 2   )                         



(11)









4. Results


4.1. Verification of Accelerometer Results from Swarm-C Satellite Orbit Data Inversion


This section will use the two-row orbital elements [30] of the Swarm-C satellite to perform atmospheric density inversion and use the inversion results of the two-row orbital elements to verify the atmospheric density accuracy results of the Swarm-C satellite accelerometer. The semi-major axis attenuation method retrieves the atmospheric density based on the Swarm-C satellite’s precise orbit data. Then, the atmospheric density results obtained using the semi-major axis attenuation method [31] are compared and verified with the Swarm-C satellite accelerometer’s atmospheric density.



The two-line orbital element data set of Swarm-C and the acceleration data set of Swarm-C for the whole year of 2016 are used for atmospheric density inversion to verify the correctness of the Swarm-C satellite accelerometer atmospheric density inversion results. The comparison results of the thermosphere atmospheric density obtained by the inversion of the two-row orbital element number of the Swarm-C satellite and the thermosphere atmospheric density obtained by the Swarm-C satellite accelerometer are shown in Figure 2.



Due to the small amount of data in the two datasets, the integration time interval is relatively long. Hence, the Swarm-C satellite’s 2016 two-row orbit element summary data set is selected to calculate the data from 1 January 2016 to December 2016. The atmospheric density was calculated on the 30th of the month; the atmospheric density result calculated by the accelerometer is taken as the daily average value and the two-row orbital element number result. Figure 2 shows that the atmospheric density result obtained using the two-row orbital element number is similar to the accelerometer’s atmospheric density result. However, the details are slightly different. The purpose of using the two-line orbital element method for atmospheric density inversion is only to generally verify the correctness of the atmospheric density obtained by the accelerometer. However, this method’s long time interval and scarce data cause its accuracy to be far from the accelerometer’s atmospheric density.



Here, the Swarm-C satellite precision orbit data and the Swarm-C satellite accelerometer data on 1 January 2016 are used for atmospheric density inversion to verify the accuracy and superiority of the atmospheric density retrieved by the Swarm-C accelerometer. Figure 3 compares the long semi-axis attenuation method’s density results and the accelerometer inversion.



The data in Figure 3 comes from the Swarm-C satellite’s LEVEL-2 daily data set on 1 January 2016, including satellite accelerometer data and GPS orbit data. Here, the integration time of the HPOP high-precision orbital integration is 30 s. The figure shows that the atmospheric density obtained by the accelerometer and the atmospheric density obtained by the semi-major axis attenuation method is useful. Furthermore, there is no systematic difference between the two, which verifies the correctness of the atmospheric density results obtained by the accelerometer inversion.




4.2. Swarm-C Accelerometer Inversion Result Evaluation Empirical Atmosphere Model


After the accuracy of atmospheric density is obtained by the Swarm-C satellite, accelerometer inversion is verified. The accelerometer’s atmospheric density can be used to evaluate the existing empirical atmospheric tightness. Furthermore, the consistency between the empirical atmospheric model and the measured atmospheric density can be investigated. Although most of the recognized empirical atmosphere models have been tested and evaluated by different scholars, it is important to further the evaluation and comparison with different data sources. This paper compares the acceleration data with the NRLMSISE-00 and the JB2008 models to further evaluate the selected empirical atmosphere models. After comparing the standard performance, two events of peaking measurement are selected for evaluation on a detailed level.



This paper used the acceleration data on 30 June 2016 to calculate the 30-day average daily atmospheric density. Then, the NRLMSISE-00 atmospheric model and the JB2008 atmospheric model are used to obtain the 30-day average daily atmospheric density. Figure 4 shows the comparison between the atmospheric density modeled by the NRLMSISE-00 atmospheric model and the JB2008 atmospheric model and the daily average atmospheric density of the accelerometer.



From Figure 4a, the atmospheric density obtained by the NRLMSISE-00 atmospheric modeling is greater than the atmospheric density measured by the accelerometer for the rest of the period, except for 14 June and 26–28 June. There is a very high peak near 5 June, and the measured atmospheric acceleration density shows a very high peak. However, the two peaks are not equal.



As can be seen from Figure 4b, the trends of the two curves are relatively similar. The accelerometer-measured atmospheric density is smaller than the JB2008 atmospheric model-measured atmospheric density for all time periods except for 22–23 June. In other words, the atmospheric density measured by accelerometers was mostly lower than that obtained by the JB2008 atmospheric model modeling in June 2016. In particular, the difference between the accelerometer-measured atmospheric density and the atmospheric density measured by the JB2008 atmospheric model reached a maximum during the period from 10 June to 14 June. However, during the three peak periods in June, the difference between the accelerometer-measured atmospheric densities and those obtained by the JB2008 atmospheric model is relatively small.



Assuming that the models and parameters in the previous correction process and inversion process are accurate enough, the atmospheric density obtained using the accelerometer can be used as an accurate atmospheric density value. Compared with the precise value of atmospheric density in June 2016, the minimum absolute error of atmospheric density obtained by the NRLMSISE-00 atmospheric model is 0.19%. The maximum is 17.24%. On the other hand, the minimum absolute error of atmospheric density obtained by the JB2008 atmospheric model is 0.18%, and the maximum is 13.04%.



To further investigate the relationship between the atmospheric density obtained by the NRLMSISE-00 model, the JB2008 model, and the actual accelerometric atmospheric density, we used the atmospheric density obtained from the accelerometer as the Y coordinate and the atmospheric density obtained through the simulation of the NRLMSISE-00 atmospheric model and the JB2008 model as the X coordinate to plot the scatter plot. This is shown in Figure 5. The atmospheric density obtained by the accelerometer and the atmospheric density obtained by modeling the NRLMSISE-00 atmospheric density model is highly correlated. The Pearson correlation coefficient of the two is calculated to be 0.9528. The atmospheric density obtained by the accelerometer and the atmospheric density obtained by modeling the JB2008 atmospheric density model is also highly correlated. The Pearson correlation coefficient between the two is calculated to reach 0.9806.



Suppose the thermosphere atmospheric density obtained by the Swarm-C satellite accelerometer in this article is taken as the actual measured value. In that case, the JB2008 empirical model’s modeling results and the NRLMSISE-00 empirical model can be verified and evaluated using the actual measured accuracy values obtained from the accelerometer. Therefore, the relative errors during the two years from 2016 to 2017 between the JB2008 atmospheric model, NRLMSISE-00 atmospheric model, and the Swarm-C satellite accelerometer’s data are counted here. Figure 6 shows the interval distribution of the two model errors.



From Figure 6, for the two-year statistical data of 2016 and 2017, the JB2008 empirical atmosphere model’s relative error distribution is more concentrated than that of the NRLMSISE-00 empirical atmosphere model. It shows that the relative error of the JB2008 atmospheric model is more stable and less floating. It is worth noting that whether it is the JB2008 model or the NRLMSISE-00 model, these two models’ modeling results are likely to be overestimated relative to the actual measurement results. The maximum relative error even exceeded 220%. By comparing with the JB2008 model, the NRLMSISE-00 model has a more severe overestimation of the measured density. From the perspective-relative-error, the lower and upper limits of the relative error distribution interval of the JB2008 atmospheric model are smaller than the NRLMSISE-00 atmospheric model. The correlation coefficient of the JB2008 atmospheric model is also higher than that of the NRLMSISE-00 atmospheric model.



Figure 7 shows the daily average values of the density simulated by the NRLMSISE00 model and the density simulated by the JB2008 model based on the accelerometer data from 1 January 2016 to 31 January 2016. As we can see in the Figure, the three curves are similar. On the 1st, 15th, 22nd, and 27th days, the density curve based on the accelerometer is located in the middle of the other two curves from the classic models. On the 16th and 21st days, the density curve based on the accelerometer was higher than the other two curves and peaked. The accelerometer-based density has the same trend as the classic model in the long run.



The critical concern for the empirical atmospheric model is the model’s accuracy and the atmospheric model’s real-time nature. That the atmospheric model can quickly respond to atmospheric density changes is also crucial for evaluating the model. Two peaks of atmospheric density in June 2016 are selected here, namely the peak near 5 June and the peak near 12 June. This process evaluates the two atmospheric models’ real-time performance to investigate the JB2008 empirical atmosphere model’s real-time performance and the NRLMSISE-00 empirical atmosphere model. Figure 8 shows the time comparison between the JB2008 atmospheric model’s peak values and the NRLMSISE-00 atmospheric model, and the accelerometer’s atmospheric density peak.



It can be seen from Figure 8 that the peak values of the JB2008 atmospheric model and the peak value of the NRLMSISE-00 atmospheric model are delayed relative to the peak value measured by the accelerometer. For the 5 June peak, the JB2008 atmospheric model atmospheric density peak was delayed by 4.3 h from the accelerometer-measured density peak. The NLRMSISE-00 atmospheric model atmospheric density peak was delayed by about 5.2 h from the accelerometer-measured density peak. For the peak near 14 June, the JB2008 atmospheric model atmospheric density peak was delayed by 0.6 h from the accelerometer-measured density peak. The NRLMSISE-00 atmospheric model atmospheric density peak was delayed by 1.5 h from the accelerometer-measured density peak.





5. Discussion


We found some results from the experiment evaluating the NRLMSISE-00 atmospheric model in the Swarm-C inversion result and evaluating the JB2008 atmospheric model in the last section’s Swarm-C inversion result. Therefore, considering the above experimental results, we can propose the following discussion in this section:




	(1)

	
The two-line orbital element method was proposed in the verification experiment of the Swarm-C TLE results and Swarm-C accelerometer results. However, neither this method nor the semi-major axis attenuation method takes the light radiation pressure disturbance term into account. This method is only suitable for space objects below 1000 km because the reverse resistance of the atmosphere mainly causes an object’s resistance with an orbit of less than 1000 km. Once the object’s orbit is higher than 1000 km, the proportion of the light radiation pressure in the satellite’s resistance will increase. The error of the average translation term in the two-row orbit element data set will become more significant, so this method’s atmospheric density will be inaccurate. The radiation pressure model must be introduced if this method is used at altitudes above 1000 km. Because this is not the primary method studied in this article, no more detailed research will be done. The two-line track element data set is designed to facilitate data communication in the early period when communication is underdeveloped. It was used more in the early 1950s and 1980s. Due to the lack of data, the two-line orbital element number is now used for anti-ballistic coefficient and atmospheric density verification. It is a reference for the atmospheric density results obtained by precision orbits or accelerometers. However, its accuracy cannot meet the requirements when performing precise quantitative calculations;




	(2)

	
In the Swarm-C accelerometer’s verification experiment using the results of the Swarm-C semi-major axis attenuation method, the use of the semi-major axis attenuation method requires high-precision HPOP orbit integration to obtain the average value of the semi-major axis changes in a minimal time range. The atmospheric density obtained by the semi-major axis attenuation method is the average atmospheric density during the integration time. Therefore, the semi-major axis attenuation method has low sensitivity and real-time performance compared with the accelerometer’s direct measurement of the atmospheric density. This feature can be seen in Figure 2. The semi-major axis attenuation method’s red density curve fluctuates much less than the accelerometer’s blue density curve. However, the real-time performance of the atmospheric density obtained by the semi-major axis attenuation method is not as good as that obtained by the accelerometer. Compared with the TLE method, the sampling frequency of the semi-major axis attenuation method satellite orbit data is much higher than the sampling frequency of the TLE two-line orbit element data. Although the semi-major axis attenuation method’s dynamics are not as good as the accelerometer’s atmospheric density, it is still better than the atmospheric density obtained by the two-line orbital element;




	(3)

	
In the verification experiment of accelerometer results using the inversion results of Swarm-C orbit data, the results using accelerometer data are directly consistent with the results based on the semi-major axis change. It confirms the correction of the accelerometer calibration and the inversion of density. However, compared to the method that uses accelerometer data directly, the method based on the semi-major axis change is less dynamic. The use of accelerometers to extract atmospheric density has good real-time and dynamic properties. The extraction of atmospheric density using two-line orbital elements and atmospheric density extraction using the semi-major axis attenuation method are essentially the same. Both need to calculate the satellite’s semi-major axis change rate. Since the two-row orbit element data set does not contain satellite position parameters, calculating the atmospheric density by using the two-row orbit element number is necessary to calculate the satellite’s position and speed in the orbit parameters. However, because the two-row track element’s data sampling frequency is far lower than the accelerometer data sampling frequency, CelesTrak publishes only 1–2 sets of two-row orbit element data Swarm-C daily; the data that can be obtained is minimal. Therefore, the integration interval during orbital integration will be considerable. The integration interval selected here is 3 days, so the calculated satellite position and velocity errors are relatively large.



Therefore, it can be found that the use of accelerometers to extract atmospheric density has better real-time and dynamic properties because the accelerometer measures instantaneous non-conservative force acceleration. However, this method requires accurate accelerometer calibration and accurate modeling of the light radiation pressure on the satellite surface. This study used the method to calibrate and correct the accelerometer. Since the deviation caused by other hardware issues is still not considered, errors will inevitably be introduced in the calibration process. It is also the primary source of the accelerometer’s error in extracting atmospheric density. Besides, there are errors caused by illumination radiation pressure modeling. However, this type of error is much smaller than the error introduced in the calibration process. Suppose ESA provides correction methods or corrected data. In that case, the accuracy of the atmospheric density extracted by the accelerometer will also be significantly improved;




	(4)

	
In the experiment of evaluating the NRLMSISE-00 atmospheric model from the Swarm-C inversion results, Figure 5a shows a high degree of correlation between the atmospheric density obtained by using the accelerometer and the atmospheric density obtained by using the NRLMSISE-00 atmospheric density model. After calculation, the Pearson correlation coefficient of the two is 0.9528. According to general experience, if the Pearson coefficient is between 0.0–0.2, the two are irrelevant. Between 0.2–0.4, the two are weakly related. Between 0.4–0.6, the two are moderately correlated. Between 0.6–0.8, the two are strongly correlated. Between 0.8–1.0, the two are highly correlated. It shows that the atmospheric density obtained by the NRLMSISE-00 atmospheric model modeling and the accelerometer’s atmospheric density are already strongly correlated;




	(5)

	
In the Swarm-C inversion results experiments to evaluate the JB2008 atmospheric model, Figure 5b shows the correlation degree of atmospheric density obtained using the accelerometer and JB2008 atmospheric density model higher than that of the accelerometer and NRLMSISE-00. After calculation, the Pearson correlation coefficient of the two has reached 0.9806. The Pearson correlation coefficient is more significant than 0.8, a robust correlation. It shows that the atmospheric density obtained by the JB2008 atmospheric model modeling and the accelerometer’s atmospheric density is strongly positively linear related;




	(6)

	
In the experiment of evaluating the accuracy and real-time performance of the two atmospheric models, the JB2008 atmospheric model has a smaller delay and a faster response than the NRLMSISE-00 model. However, the NRLMSISE-00 model has also estimated some characteristics that the JB2008 model misses. On the whole, among the two peaks, the atmospheric density peak measured by the accelerometer is higher than the atmospheric density peak obtained by the two atmospheric models. Although the difference between the peak of the atmospheric model of NRLMSISE-00 and the accelerometer’s density is larger than that of JB2008, the NRLMSISE-00 has a better performance in estimating the overall pattern. Depending on the different expectations and usage, both models would have drawbacks and benefits. Moreover, the differences in performance accuracy are different in the two selected events. For example, the JB2008 model has a much better performance on 5 June than NRLMSISE-00, while 14 June is very similar. The model accuracy change may cause this phenomenon due to the solar cycle change. Depending on the different backgrounds and circumstances, the two models can be beneficial on different occasions. By understanding how the two model performance differs from different satellite data, the community would have a better understanding of how and what to use for their future studies;




	(7)

	
From the experiment of using Swarm-C accelerometer inversion results to evaluate the empirical atmosphere model, it can be found that at the position where the Swarm-C satellite is flying, using the JB2008 atmospheric model for modeling will achieve better results than using the NRLMSISE-00 model, which means that the accuracy of the JB2008 atmospheric model at the altitude of the Swarn-C satellite is better than that of the NLRMSISE-00 atmospheric model. The altitude of Swarm-C satellite flight is about 500 km from the surface. It also verifies that the JB2008 atmospheric model proposed by Bruinsma et al. has a better simulation effect at altitudes below 500 km than the NRLMSISE-00 atmospheric model. The NRLMSISE-00 atmospheric model performs better than the JB2008 at altitudes above 500 km. This is because solar radiation has a heating effect on the atmosphere. The JB2008 atmospheric model considers the four bands of sunlight’s influence on the atmospheric density and corrects it. It also responds quickly to auroral heating. This is why the JB2008 atmospheric model has a better modeling effect here. It should be noted that the above discussion on the accuracy and real-time performance of the empirical atmosphere model is based on the geomagnetic calm period. However, the accuracy will change for periods of geomagnetic activity or magnetic storms. Therefore, the above results may not be valid [32].










6. Conclusions


This paper uses the two-row orbital elements density inversion to verify the atmospheric density accuracy results of the Swarm-C satellite accelerometer. After the accuracy of the satellite data is verified, this paper conducts comparative verification and empirical atmospheric model evaluation experiments based on the Swarm-C accelerometer’s inversion results.



The correctness of the inversion result of the Swarm-C accelerometer is verified by the inversion result of the two-line orbital elements. After comparing the inversion results of the Swarm-C semi-major axis attenuation method, the accelerometer’s advantages to invert the atmospheric density are analyzed. It is found that the real-time and dynamic nature of the atmospheric density inverted by using the Swarm-C accelerometer is better. Then, using the Swarm-C accelerometer inversion results to evaluate the two empirical atmospheric models, it is found that at the orbital height of the Swarm-C satellite, the JB2008 model has better accuracy and real-time performance than the NRLMSISE-00 model, unlike other satellites in a higher altitude.



This paper has made some progress in using Swarm-C accelerometer inversion results to evaluate empirical atmospheric model experiments. However, there are still some shortcomings, which can be further studied and promoted.



Because it is impossible to understand all the Swarm-C satellite accelerometer’s hardware conditions and failure causes, this article’s accelerometer calibration method cannot correct the errors caused by the accelerometer’s hardware problems. As a result, the accelerometer’s accuracy and the empirical atmosphere models still need improvement. With the improvement of deep learning, a higher-precision correction algorithm needs to be developed and announced by ESA. ESA will regularly publish the corrected accelerometer data of the Swarm satellite. However, the frequency of data updates is not high, and the time delay is considerable. Therefore, it is hoped that ESA can provide a higher-precision correction method or publish the corrected accelerometer data results in a timelier manner, providing convenience for researchers in scientific research.
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Figure 1. Comparison of data after calibration and raw acceleration by Swarm-C. 
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Figure 2. Comparison of atmospheric density obtained by the accelerometer and TLE. 
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Figure 3. Comparison of atmospheric density from the accelerometer and semi-major axis attenuation method. 
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Figure 4. Atmospheric densities measured by accelerometer compared with results of atmospheric models (a) the NRLMSISE-00 result and the measured atmospheric densities; (b) the JB2008 result and the measured atmospheric density. 
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Figure 5. Scatter diagram of the relationship between the measured atmospheric density by the accelerometer and atmospheric models (a) Scatter diagram of the measured atmospheric density and NRLMSISE-00; (b) Scatter plot of the measured atmospheric density and JB2008. 
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Figure 6. The relative error interval distribution of NRLMSISE-00 and JB2008 models. 
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Figure 7. The daily mean density of accelerometer measurement and two atmospherics models. 
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Figure 8. Comparison of the two atmospheric models and the measured accelerometer. (a) 5 June 2016 JB2008 model result and accelerometer measurement; (b) 14 June 2016 JB2008 model result and accelerometer measurement; (c) 5 June 2016 NRLMSISE-00 model result and accelerometer measurement; (d) 14 June 2016 NRLMSISE-00 model result and accelerometer measurement. 
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