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Abstract

:

To generate high-quality reconstructions of ionospheric electron density (IED), we propose an extended simultaneous algebraic reconstruction technique (ESART). The ESART method distributes the discrepancy between the actual GNSS TEC and the calculated TEC among the ray–voxels based on the contribution of voxels to GNSS TEC, rather than the ratio of the length of ray–voxel intersection to the sum of the lengths of all ray–voxel intersections, as is adopted by conventional methods. The feasibility of the ESART method for reconstructing the IED under different levels of geomagnetic activities is addressed. Additionally, a preliminary experiment is performed using the reconstructed IED profiles and comparing them with ionosonde measurements, which provide direct observations of electron density. The root mean square errors (RMSE) and absolute errors of the ESART method, the simultaneous algebraic reconstruction technique (SART) method, and the International Reference Ionosphere (IRI) 2016 model are calculated to evaluate the effectiveness of the proposed method. Compared to the conventional SART method of ionospheric tomography and the IRI-2016 model, the reconstructed IED profiles obtained using the ESART method are in better agreement with the electron density obtained from the ionosondes, especially for the peak electron densities (NmF2). In addition, a case study of an intense geomagnetic storm on 17–19 March 2015 shows that the spatial and temporal features of storm-related ionospheric disturbances can be more clearly depicted using the ESART method than with the SART method.
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1. Introduction


The GNSS-based computerized ionospheric tomography (CIT) technique is a powerful tool for ionospheric sounding, and has been successfully used for reconstructing large-scale three-dimensional structures of ionospheric electron density (IED) [1,2]. Numerous efforts have been made to develop diverse tomographic techniques for imaging the ionosphere for different purposes, such as correcting the ionospheric delay experienced by GNSS signals [3,4,5,6] and monitoring the ionospheric space weather [7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22].



The unstable ill-posed problem is crucial for GNSS-based CIT techniques due to the sparsity of GNSS tracking stations and the limited viewing angles from GNSS observations [23,24,25,26], which leads to difficulties in accurately constructing the IED distributions for GNSS tomography. Many CIT algorithms have been proposed to overcome the unstable ill-posed problem, which can be generally categorized into two groups: non-iterative and iterative algorithms.



Non-iterative tomographic algorithms for imaging the ionosphere include the regularization method [26], the singular value decomposition (SVD) method [27,28,29], the orthogonal function method [30], Bayesian statistical ionospheric tomography [31,32], ionosphere tomography based on compressed sensing [33], and so on. In recent years, there have been some impressive reports of the imaging of three-dimensional ionospheric electron density [31,32,33,34,35,36]. A novel tomography method based on Bayesian statistical inversion with prior distribution has been proposed [31,32], and Gaussian Markov random fields have been used to construct the prior electron density distribution in ionospheric 3-D multi-instrument tomography [35,36]. Furthermore, ionospheric tomography based on compressed sensing has been developed to reconstruct electron densities using a limited number of observations in certain conditions [33].



Iterative tomographic algorithms include the algebraic reconstruction technique (ART) [1] and other modified versions based on ART algorithms, such as the multiplicative ART (MART) [37,38], the simultaneous iteration reconstruction technique (SIRT) [39,40], and the simultaneous algebraic reconstruction technique (SART) [41]. Due to their simple implementation and high computational efficiency, iterative algorithms have been used in many experimental ionospheric tomography applications. However, there are also some limitations. Accurate initial values of electron density are required for these iterative reconstruction algorithms, and such values are not always straightforward to obtain. In the meantime, the limited amount of observation data used for ionospheric tomography may result in incomplete coverage of the target region. In order to improve the reconstruction quality of ionospheric electron density, a series of improved tomographic methods have been investigated. A weighted ART algorithm has been presented, with this variant of the ART algorithm assigning a weight to the density corrections that was proportional to the electron density normalized to the peak density along the GNSS rays [42,43]. Another improved ART algorithm (IART) based on the ART algorithm was proposed by introducing the electron density to each iteration procedure to compute the offset of the current electron density of the ART [44]. A multiscale tomographic model with various voxel sizes was proposed to provide a better reconstruction quality of the electron densities [45,46]. Another model with variable voxel size was also introduced [47]. Moreover, the additional information can be added using spatial–temporal constraints to improve the reliability of ionospheric tomography. A constrained SART method has been presented, which demonstrated a convergence speed significantly higher than that of the classical SART method [48]. The smoothing constraints approach of ionospheric tomography can effectively constrain near voxels with no ray path information, and a SIRT method has been proposed in which Sobolev’s norm was used as a stabilizer [23]. The Phillips smoothing method and the second-order Laplace operator have been used to provide constraints regarding the smoothness of neighboring voxels [49,50]. In addition, the relaxation parameter is also essential for the ionospheric tomography, since relaxation parameter determines the degree of dependence on the initial model. Generally, the relaxation parameter has been determined on the basis of experience. In order to optimize the relaxation parameter, automatic search technology has been proposed to train the relaxation parameter using the root mean square error (RMSE) of STEC at each step of the iteration [51].



In this paper, we focus on the SART iterative reconstruction algorithms of tomography. The differences between the observed GNSS TEC and the estimated TEC are distributed among the voxels along the ray path from the satellite to the receiver in proportion to the intersection lengths of each ray–voxel of the tomographic grid. The correction assigned to a voxel of electron density is obtained by dividing the TEC difference by the proportion of the intersection length within the specific voxel in the iterative inversion process. In other words, TEC differences are redistributed among the voxels according to the lengths of the ray–voxel intersections, but the intersection length only represents the geometric contribution of the voxel to GNSS TEC. However, TEC is the integral of all electron densities along the satellite signal path, and the contribution of a single voxel to GNSS TEC includes the geometry contribution of the intersection lengths of the ray–voxel and the contribution of the electron density of that voxel. Furthermore, the inversion errors of electron densities retrieved using the GNSS tomographic reconstruction technique are the dominant source of discrepancies between the measured and calculated TEC, while the intersection length only has an amplification effect on the inversion errors of electron density. The iterative reconstruction algorithm can be improved by considering the joint contributions of the intersection length and the corresponding electron density in the specific voxel to determine the assigned value of TEC difference in a specific voxel.



In this work, an extended SART (ESART) method is proposed by introducing electron density parameters into ionospheric tomography. To account for the significant variation of the IED gradient with altitude, different height intervals of tomographic voxels along the altitude of the ionosphere are applied to the new ESART method. We intend to address the effectiveness of the ESART method in the reconstruction of IED profiles. In addition, the new method is also tested in different ionospheric conditions during geomatically quiet time as well as during geomagnetic storms in order to validate its feasibility. The data used include GNSS observations and the ionosonde data over the period of 17–19 March 2015 and 10–12 January 2019. Furthermore, an inter-voxel smoothing strategy and an iteration stop criterion are adopted, in line with Stolle’s suggestion [52]. The outline of this paper is arranged as below: Section 2 gives a brief introduction of the conventional SART and ESART methods. Section 3 presents the data and the evaluation methodology of our experiment. Section 4 validates the feasibility and effectiveness of the ESART method. Finally, a conclusion is given in Section 5.




2. SART and ESART Methods


2.1. Simultaneous Algebraic Reconstruction Technique (SART)


The SART method, which was proposed by Anders Andersen and Avinash Kak in 1984 [53], is a useful tomographic technique for imaging the ionosphere when observation data are limited. Compared to the standard ART, the SART method has the advantage of being able to effectively smooth noise, enabling the generation of a high-quality reconstruction, as can be seen from Equation (1) below:


    x   j   k   =   x   j   k − 1   +   λ     ∑  i = 1   M      ∑  j = 1   N      a   i j           ∑  i = 1   M        a   i j       ∑  j = 1   N      a   i j           d   i   −   ∑  j = 1   N      a   i j     x   j   k − 1          



(1)




where the iterative step number is k, and a given projection is i. The SART technique starts with an initial approximation     x   0     of electron density; then, the corrections for every electron density voxel are computed and stored in a separate array (namely, the correction array) for the first GNSS ray. Then, we move to the next GNSS ray and update the correction array until all rays have been solved. At each iterative step, all GNSS rays in each electron density voxel are computed, and the current estimate of electron density     x   j   k − 1     is refined to a new iterative     x   j   k     by adding the correction array to the image array. The vector of electron density unknowns are updated for all GNSS rays contributing to a single voxel, and are summed before the new iteration is refined. The difference between the measured TEC       d   i       and estimated TEC       ∑  j = 1   N      a   i j     x   j   k − 1         is redistributed among N voxels and the   i   GNSS ray path proportionally to the length of the ray–voxel intersection       a   i j      . The relaxation factor is represented by   λ  , and it is usually selected to be a constant within the interval (0.0, 1.0] to reduce the influence of noise. In our study,    λ = 0.5   .   j   j = 1 , N     is the number of the ray–voxels passed by the   i   GNSS ray, and   i   i = 1 , M     is the total number of GNSS rays. Under ideal conditions, the SART method can converge on a weighted least squares solution [54].




2.2. Extended SART (ESART) Method


From Equation (1), it can be seen that the intersection length     a   i j     determines the allocation of the TEC difference       d   i   −   ∑  j = 1   N      a   i j     x   j   k − 1         in the ray–voxels along the GNSS ray path in the SART method. Voxels with a longer ray–voxel intersection will obtain larger correction values for electron density than voxels with smaller ray–voxel intersections. In addition, all voxels with the same intersection length will have the same correction values, even those voxels that make different contributions to the real TEC due to differences in electron density values. Since the contribution of one voxel to the TEC along the GNSS satellite-to-receiver path is the product of the intersection length with the electron density in the corresponding voxel, the electron density is one of the main sources of inversion error. Therefore, the intersection length only has an amplification effect on the inversion error of electron density. Therefore, the differences between the TEC measured using GNSS and the TEC estimated via GNSS tomography should be redistributed along the ray–voxels while accounting for the contribution of the voxel to TEC. In this work, the electron density parameter is introduced into Equation (1), and it is expected that the proposed ESART method will outperform the SART method, with the improved inversion accuracy of electron densities. The proposed iterative algorithm can be represented using Equation (2), below:


    x   j   k   =   x   j   k − 1   +   λ     ∑  i = 1   M      ∑  j = 1   N      a   i j           ∑  i = 1   M        a   i j     x   j   k − 1       ∑  j = 1   N      a   i j     x   j   k − 1           d   i   −   ∑  j = 1   N      a   i j     x   j   k − 1          



(2)







The symbols in Equation (2) have the same meanings as those in Equation (1). According to Equation (2), the electron density is considered as a parameter for the correction of individual voxels, in contrast to the SART method (as expressed in Equation (1)). The extended method ensures that those voxels that make larger contributions to TEC will receive larger corrections. This can be achieved on the basis of the ratio of the contribution of each voxel       a   i j     x   j   k − 1       to the integration of all voxels’ contributions,     ∑  j = 1   N        a   i j     x   k − 1        , along the GNSS line-of-sight.





3. Data and Experiments


3.1. Data Sources and Preprocessing Strategy


In this work, we evaluated the performance of the ESART method when imaging IED variations using GNSS data during a geomatically quiet period on 10–12 January 2019, when the Disturbed Storm Time Index (Dst) did not exceed the absolute Dst 10 nT, and an intense geomagnetic storm period on 17–19 March, when Dst reached a minimum of −234 nT.



GNSS data from 196 reference stations belonging to the Crustal Movement Observation Network of China (CMONOC) during the periods of 10–12 January 2019 and 17–19 March 2015 were used. In addition, the ionosonde data from the Beijing (40.3°N, 116.2°E) and Wuhan (30.5°N, 114.6°E) stations were used to validate the reliability of IED retrieved from the ESART method. The ionosonde data provide an independent comparison with the electron density profiles from GNSS observations by using the tomography technique. The locations of the reference stations are shown in Figure 1.



To invert the IED, the absolute slant TEC measurements are calculated every 30 s with high accuracy using dual-frequency phase-smoothed code combination observations from the ground-based GNSS stations, and the differential code biases (DCBs) are corrected with an estimated accuracy of about 0.10 ns–0.13 ns using the two-step method developed by Li et al. [55]. In order to minimize multipath errors in GNSS data, an elevation cutoff of 20° was considered. Based on the TEC data mentioned above, the tomographic method is applied to the inversion of IED. Additionally, the International Reference Ionosphere (IRI-2016) was selected as the background to compensate for the incomplete information in the GNSS measurements for tomography.



Figure 2 shows the variation in Dst index. The top panel shows the Dst index on 17–19 March 2015, and the bottom panel shows the Dst index on 10–12 January 2019. As shown in Figure 2, the Dst index varied from −4 to 10 nT on the days in January when the geomagnetic conditions were very quiet. A strong geomagnetic storm occurred on 17–19 March 2015, at which point the fluctuation in the Dst index was much larger, with values varying from −234 nT to 45 nT.




3.2. Outline of the Experiment


In this paper, the feasibility and effectiveness of the new ESART method is evaluated by comparing the IED obtained using the conventional SART method and that obtained using the IRI-2016 model. The IED observations using the three approaches are compared with ionosonde data, which are considered to be a reference in our study, and these comparisons are carried out for both quiet and disturbed ionospheric conditions. The variations in the latitude–longitude maps of the IED are also compared with those in the GNSS TEC maps during geomagnetic storms. The response of the latitude–altitude map of the IED to geomagnetic storms is also discussed. Additionally, the average root square error (RMSE) and absolute error of the reconstructed IED values are calculated and used to evaluate the performance of different reconstruction methods.



As shown in Figure 1, the reconstructed ionospheric regions cover an area from 75°E to 135°E in longitude and from 15°N to 55°N in latitude, with a height range varying from 90 to 1000 km. For both the SART and ESART methods, the horizontal resolution of each prism voxel is 2.5° × 5° lat/lon. The vertical resolution used for both methods is also the same. However, considering the large vertical variations of the ionospehric electron density gradient in the discretized ionospheric region, the vertical intervals of electron density voxels within the height ranges 90–210 km, 210–400 km, 400–700 km and 700–1000 km are set to 30, 10, 50 and 100 km, respectively. These height intervals are designed to be smaller for regions with higher electron density gradients (especially for the peak electron density region) than for regions with smaller gradients. In addition, it is assumed that the ionosphere tends to be quasi-stationary during the effective TEC measurement time of 10 min adopted for imaging the 3-D electron densities using GNSS data in this study [42,56]. The electron density is considered to be uniformly distributed within each voxel, and to remain unchanged within the short observation times.



In addition, an intervoxel smoothing strategy is adopted to fill the gaps in the GNSS data for those voxels not intersected by any GNSS rays and which depend on the initializing values of the IRI-2016 model. During the smoothing, the electron density of each voxel is redefined as a weighted sum of itself and the values of several neighboring voxels. Furthermore, a three-dimensional distance-weighted Gaussian-like boxcar average is also used, while the information of voxels with GNSS rays may be distributed to regions with data gaps. An iteration stop criterion is used, according to the mean reconstruction residual and root mean square of the TEC [52].





4. Results and Discussion


Figure 3, Figure 4, Figure 5 and Figure 6 present the IED profile results obtained using the conventional SART method, the ESART method and the IRI-2016 model, as well as the reference data provided by ionosonde. Each subfigure represents the IED reconstructed at different epochs, the vertical axis represents the height of the ionosphere, and the horizontal axis represents the ionospheric electron density value. Figure 3 and Figure 4 show the IED profiles obtained during 10–12 January 2019, when the geomagnetic conditions were quiet, and Figure 4 and Figure 5 show the same results during 17–19 March 2015, when strong geomagnetic storms were detected. The results from the three consecutive days are shown in the panels from left to right. The results of four time layers, i.e., 1:00 UT, 4:00 UT, 7:00 UT, and 10 UT, are shown in the rows from top to bottom, respectively.



According to Figure 3 and Figure 4, it can be clearly seen that the constructed peak electron densities (NmF2) obtained using the ESART method are generally closer to those obtained using the ionosonde than those obtained using the SART method or the IRI-2016 model. In addition, there are large discrepancies in NmF2 between the IRI-2016 model and the ionosonde results. In Figure 3(a2,a3,c1–c3) and in Figure 4 at 4:00 UT, 7:00 UT and 10:00 UT, the NmF2 values derived using the ESART method are evidently closer to those obtaind using the ionosonde than those obtained using the SART method. This indicates that the ESART method outperforms the SART method under these conditions. In addition, it can also be seen that there are small discrepancies in the NmF2 values obtained using the two tomographic methods, while the electron density profiles obtained using the IRI-2016 model are in better agreement with the ionosonde measurements.



Figure 5 and Figure 6 show that the electron density profiles obtained using the ESART method are in better agreement with the ionosonde measurements than those of the SART method or the IRI-2016 model. According to Figure 2, an intense magnetic storm occurred during 17–19 March 2015, with an observed Dst recorded on 18 March 2015 ranging from −200 nT to −82 nT. From Figure 5(a2–d2) and Figure 6(a2–d2), it is clear that the negative storm was characterized by extremely low values of IED over Beijing and Wuhan on 18 March 2015. A slightly negative storm in the mid- and high-latitudinal zone continued until 03:00 UT on 19 March, as reported in [57,58]. As mentioned above, it can be seen from Figure 5a3 and Figure 6a3 that lower IED values were recorded at 01:00 UT on 19 March at the Beijing and Wuhan stations in comparison with the corresponding IED values on 17 March. Similarly, it can be seen that the NmF2 values reconstructed using the ESART method are in better agreement with the profiles obtained from the ionosondes than those obtained using the SART method or IRI-2016.



These results suggest that ESART can generate more accurate IED profiles than the conventional SART method or the IRI-2016 model in both geomagnetically quiet conditions and during geomagnetic storms. This suggests that our approach, in which the tomographic electron density corrections are estimated based on the product of the intercept and electron density within voxels makes the assignment of corrections at different heights more effective. Therefore, a comparison of the results further proves that the ESART method provides better electron density reconstruction than the SART method or the IRI-2016 model.



It should be noted from Figure 5(a2,b2) and Figure 6(a2–d2) that the peak height of the F2 layer (hmF2) provided by the ESART and SART methods, as well as by the IRI-2016 model, deviate significantly from the electron density profiles obtained using the ionospheric ionosonde. This indicates that none of the three methods is able to accurately describe the fluctuation in hmF2 triggered by intense geomagnetic storms.



It should also be pointed out that there are obvious discrepancies in the topside part between the electron density profiles obtained from the ionosonde measurement and those derived using other methods. This is because the ionogram provides information for directly calculating the vertical electron density profile up to the peak of the ionospheric F2 layer [59], but does not provide direct information on the topside ionosphere. The profile above the peak is estimated using an alpha-Chapman function with a scale height derived from the profile shape around the F2 peak [60]. Therefore, in this paper, the focus is on the bottom side profile of the ionosphere up to the peak of the F2 layer.



Furthermore, the errors, as represented by RMSE, and the absolute differences of the three approaches compared to the ionosonde data are calculated and compared. The RMSE values and mean absolute error of the reconstructed IED profiles can be calculated by the following equations:


  R M S E =      ∑  I =   n          N e   i   r e c o n   −   N e   i   i o n o s o n d e       2       n     



(3)






  Δ E =     ∑  i = 1   n        N e   i   r e c o n   −   N e   i   i o n o s o n d e         n    



(4)




where     N e   i   i o n o s o n d e     denotes the ionospheric electron density obtained from the ionosonde measurement,     N e   i   r e c o n     represents the reconstructed bottom electron density derived from GNSS tomography, and   n   is the total number of the tomographic voxels along the ionospheric electron density profile.



Table 1, Table 2, Table 3 and Table 4 list the RMSE and mean absolute error of the bottom profiles of IED at the Beijing and Wuhan stations during the geomatically quiet time and during the intense geomagnetic storm, respectively.



Table 1 and Table 2 show the RMSE and absolute error of the ESART and SART methods and the IRI-2016 model on 10–12 January 2019 at the Beijing and Wuhan stations. For Beijing Station, the RMSE values of ESART, SART and IRI-2016 are 0.230, 0.283, 0.264 × 1011 el/m3, respectively, and the absolute errors for the three methods are 0.173, 0.233, 0.185 × 1011 el/m3, respectively. For Wuhan Station, the average RMSE of ESART, SART and IRI-2016 are 0.224, 0.387, 0.427 × 1011 el/m3, respectively, and the average absolute errors are 0.176, 0.329, 0.329 × 1011 el/m3, respectively, for the three methods. According to the results, the electron density obtained using the ESART method is in relatively good agreement with the ionosonde data, and Table 2 shows that the electron density of the SART method is slightly better than that obtained using the IRI-2016 model.



Table 3 and Table 4 show the RMSE and absolute errors of the ESART and SART methods, as well as the IRI-2016 model, on 17–19 March 2015 at the Beijing and Wuhan stations. For Beijing Station, the average RMSE values of IED are 0.662, 1.044, 1.482 × 1011 el/m3 for ESART, SART and IRI-2016, respectively. For Wuhan Station, the average RMSE values of IED are 1.237, 1.783, 2.825 × 1011 el/m3, respectively, for the three methods. The RMSE values and absolute errors of IRI-2016 are larger than the other two tomographic methods. These results also demonstrate that the RMSE and the absolute errors of the IED reconstructed using the ESART method are smaller than those when using the SART method.



On the whole, the performance of the ESART method is better than that of the IRI-2016 model, and the ESART method demonstrates an improvement in the reconstruction of IED values compared to the SART method.



As is well known, variations in NmF2 and TEC have a relatively strong correlation during the daytime. In order to further validate the effectiveness of the ESART method, in the following section, we will discuss the features among the reconstructed IED maps obtained using the IRI-2016 model, the SART and ESART methods, and the GNSS TEC maps during the geomagnetic storm.



The TEC variation maps, which characterize the evolution of the ionospheric storm in the regions of our study, were calculated using GNSS data on 17–19 March 2015. In order to analyze the responses of the electron densities obtained using the three different methods to the negative phase storm, the temporal variations in the latitude–longitude maps of the IED at an altitude of 250 km (near the altitude of peak electron density) were reconstructed using the ESART, SART, and IRI-2016 models, respectively.



Figure 7 illustrates the evolution of IED and the corresponding TEC from 01:00 UT to 10:00 UT on 18 March 2015 during the main phase of the magnetic storm. The ordinate and the abscissa are the geographic latitude and longitude. The left three columns show the IED maps obtained using IRI-2016, SART, and ESART. The color bar represents TEC in TECu. The subfigures in the fourth column are two-dimensional pseudo-color maps of GNSS TEC, and the color bar represents TEC in TECu.



In Figure 7, the storm-related ionospheric disturbances can be clearly seen, and the distinctive features of a negative ionospheric storm can be observed at 1:00 UT–10:00 UT [57,58]. From the GNSS TEC maps, it can be observed that the GNSS TECs undergo a decrease, and there is also a significant decline at 1:00–10:00 UT (9:00–18:00 LT). The GNSS TEC maps clearly depict a negative phase of the strong geomagnetic storm on 18 March 2015. However, the spatio-temporal evolution characteristics of the IED background values can be characterized using the IRI-2016 model, and no ionospheric disturbance phenomenon can be observed in the left column subfigures of Figure 7. The IED values obtained using the ESART and SART methods were obviously smaller than the background values obtained using the IRI-2016 model. In addition, the IED maps obtained using the SART and ESART methods indicated an anomalous decrease in ionospheric density, with a sharp drop in TEC values.



It should also be noted that the electron density depletion region of the IED maps obtained using the ESART method is more obvious compared to the IED maps obtained using the SART method. It can be seen that the variations in the IED maps obtained using the ESART method and the TEC maps were almost synchronous, which demonstrates the effectiveness of the ESART method proposed in this paper.



According to related reports [57,58], a weakly positive TEC disturbance occurred at 08:00 UT in 45°N–60°N zone on 17 March 2015. One hour later, the positive TEC disturbances extended to 30°N. In addition, the distinct mid-latitude zones of increased TEC were then observed at 10:00–13:00 UT. Figure 8 presents latitude–altitude maps of ionospheric electron density at 1:00 UT–10:00 UT on 17–19 March 2015. In the left subfigures, it can be seen that there is a weak positive disturbance in the IED, with an enhanced electron density phenomenon at 10:00 UT compared to other time layers on 17 March 2015. In the middle subfigures, it can be clearly seen that very low values of IED on 18 March were observed compared to IED on 17 March and 19 March, and there is a distinct negative storm phenomenon in the 20°N–45°N zone. In addition, at 01:00 UT and 04:00 UT on March 19, the values of IED between about 200 km–300 km in the 35°N–45°N zone are slightly smaller than the IED values on 17 March. These results are consistent with from the reports in [57,58], demonstrating the ability of the proposed ESART method to perform imaging of the ionosphere.



It should be noted that fluctuations in the hmF2 cannot be observed in Figure 8, which is consistent with the phenomenon reflected in Figure 5(a2,b2) and Figure 6(a2–d2). In other words, the ESART method is not able to reveal the fluctuations in hmF2 triggered by intense geomagnetic storms, which is also an issue that needs to be further studied in future.




5. Conclusions


This paper proposed the ESART method for imaging three-dimensional electron densities using an ionospheric tomography technique. In the ESART method, the product of the intersection length with the electron density is introduced into the corresponding voxel, instead of the length of the ray–voxel intersection, while the differences between the measured and calculated TEC are also reasonably redistributed among the ray–voxels. This new method ensures that the actual correction of the electron density in a voxel matches the contribution of the corresponding voxel to the GNSS TEC by accounting for the contribution of a voxel to the GNSS TEC in terms of both its geometric contribution and the contribution of its electron density.



The ESART method was evaluated by comparing it to the SART method and the IRI-2016 model under geomagnetically quiet conditions on 10–11 January 2019, as well as during a geomagnetic storm period on 17–19 March 2015. Data from an ionosonde were used as a reference in this study. The results show that the constructed electron density obtained using the ESART method was generally closer to the reference data from the ionosonde than that of the SART method or the IRI-2016 model (especially for the NmF2), confirming the effectiveness of the proposed ESART method.



Furthermore, we presented latitude–longitude pictures of the IED during the intense geomagnetic storm, displaying the spatial and temporal variations, as well as the variations in latitude profile with altitude, on 17–19 March 2015, demonstrating the great potential of the proposed ESART method to provide high-quality IED reconstruction.



It should be noted that the results presented in this study, and which demonstrate the feasibility of the new method, are preliminary. The top plasma density obtained using the ESART method should be carefully evaluated using COSMIC and Swarm data, and the data span was relatively short compared to the 11-year periodic solar variation activity. Therefore, the next step of research will focus on using more data to explore the applicability of the ESART method in the GNSS application field. In addition, the theoretical background for the ESART method has not yet been properly investigated; nevertheless, the practical results suggest that the method works as expected.
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Figure 1. Distribution of GNSS stations and ionosonde stations used in this work. (The black triangles represent GNSS stations, and the red circles represent the ionosonde stations.). 
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Figure 2. Variation in Dst index on 17–19 March 2015 and 10–12 January 2019. 
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Figure 3. Comparison of electron density profiles over Beijing Station at 01:00 UT (a1–a3), 04:00 UT (b1–b3), 07:00 UT (c1–c3), and 10:00 UT (d1–d3) on 10 January (left panel), 11 January (middle panel), 12 January (right panel), 2019. The red curve is the ionosonde data, the blue dotted line is the ESART reconstruction result, the black dashed line is the SART reconstruction result, and the green line is the IRI-2016 model. 






Figure 3. Comparison of electron density profiles over Beijing Station at 01:00 UT (a1–a3), 04:00 UT (b1–b3), 07:00 UT (c1–c3), and 10:00 UT (d1–d3) on 10 January (left panel), 11 January (middle panel), 12 January (right panel), 2019. The red curve is the ionosonde data, the blue dotted line is the ESART reconstruction result, the black dashed line is the SART reconstruction result, and the green line is the IRI-2016 model.



[image: Remotesensing 15 02939 g003]







[image: Remotesensing 15 02939 g004 550] 





Figure 4. Comparison of electron density profiles over Wuhan Station at 01:00 UT (a1–a3), 04:00 UT (b1–b3), 07:00 UT (c1–c3), and 10:00 UT (d1–d3) on 10 January (left panel), 11 January (middle panel), 12 January (right panel), 2019. The red curve is the ionosonde data, the blue dotted line is the ESART reconstruction result, the black dashed line is the SART reconstruction result, and the green line is the IRI-2016 model. 
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Figure 5. Comparison of electron density profiles over Beijing Station at 01:00 UT (a1–a3), 04:00 UT (b1–b3), 07:00 UT (c1–c3), and 10:00 UT (d1–d3) on 17 March (left panel), 18 March (middle panel), 19 March (right panel), 2015. The red curve is the ionosonde data, the blue dotted line is the ESART reconstruction result, the black dashed line is the SART reconstruction result, and the green line is the IRI-2016 model. 
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Figure 6. Comparison of electron density profiles over Wuhan Station at 01:00 UT (a1–a3), 04:00 UT (b1–b3), 07:00 UT (c1–c3), and 10:00 UT (d1–d3) on 17 March (left panel), 18 March (middle panel), 19 March (right panel), 2015. The red curve is the ionosonde data, the blue dotted line is the ESART reconstruction result, the black dashed line is the SART reconstruction result, and the green line is the IRI-2016 model. 
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Figure 7. IED maps at an altitude of 250 km obtained using the IRI-2016 model, the SART method, and the ESART method, and the corresponding GNSS TEC maps at 01:00 UT–10:00 UT on 18 March 2015. The three left columns are the IED maps obtained using IRI-2016, SART, and ESART. The color bar represents TEC in TECu. The subfigures in the fourth column are two-dimensional pseudo-color maps of GNSS TEC, and the color bar represents TEC in TECu. 
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Figure 8. The latitude–altitude profiles of the IED along the 110 °E meridian at 1:00–10:00 UT on 17–19 March 2015. The left columns are the IED maps on 17 March, the middle columns are the IED maps on 18 March, and the right columns are the IED maps on 19 March. The color bar to the right of the subfigures marks the electron density in 1012 el/m3 unit. 
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Table 1. Errors for the reconstructed IED values below the peak altitude of the ionospheric F2-layer when using the SART and ESART methods and the IRI-2016 model on 10–12 January 2019 at Beijing Station (Unit: 1011 el/m3).
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Day

	
RMES

	
ΔE




	
ESART

	
SART

	
IRI-2016

	
ESART

	
SART

	
IRI-2016






	
10/01/2019

	
0.248

	
0.263

	
0.257

	
0.183

	
0.216

	
0.181




	
11/01/2019

	
0.237

	
0.276

	
0.254

	
0.175

	
0.234

	
0.169




	
12/01/2019

	
0.206

	
0.309

	
0.282

	
0.162

	
0.248

	
0.204




	
Ave

	
0.230

	
0.283

	
0.264

	
0.173

	
0.233

	
0.185
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Table 2. Errors for the reconstructed IED values below the peak altitude of the ionospheric F2-layer when using the SART and ESART methods and the IRI-2016 model on 10–12 January 2019 at Wuhan Station (Unit: 1011 el/m3).
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Day

	
RMES

	
ΔE




	
ESART

	
SART

	
IRI-2016

	
ESART

	
SART

	
IRI-2016






	
10/01/2019

	
0.207

	
0.428

	
0.442

	
0.161

	
0.373

	
0.358




	
11/01/2019

	
0.233

	
0.397

	
0.376

	
0.182

	
0.341

	
0.292




	
12/01/2019

	
0.231

	
0.337

	
0.462

	
0.186

	
0.273

	
0.338




	
Ave

	
0.224

	
0.387

	
0.427

	
0.176

	
0.329

	
0.329
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Table 3. Errors for the reconstructed IED values below the peak altitude of the ionospheric F2-layer when using the SART and ESART methods and the IRI-2016 model on 17–19 March 2015 at Beijing Station (Unit: 1011 el/m3).
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Day

	
RMES

	
ΔE




	
ESART

	
SART

	
IRI-2016

	
ESART

	
SART

	
IRI-2016






	
17/03/2015

	
0.662

	
1.044

	
1.482

	
0.519

	
0.869

	
1.132




	
18/03/2015

	
0.774

	
1.558

	
2.806

	
0.614

	
1.208

	
2.081




	
19/03/2015

	
0.526

	
1.200

	
1.799

	
0.412

	
0.983

	
1.410




	
Ave

	
0.662

	
1.044

	
1.482

	
0.519

	
0.869

	
1.132
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Table 4. Errors for the reconstructed IED values below the peak altitude of the ionospheric F2-layer when using the SART and ESART methods and the IRI-2016 model on 17–19 March 2015 at Wuhan Station (Unit: 1011 el/m3).
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Day

	
RMES

	
ΔE




	
ESART

	
SART

	
IRI-2016

	
ESART

	
SART

	
IRI-2016






	
17/03/2015

	
1.602

	
1.816

	
2.096

	
1.151

	
1.383

	
1.479




	
18/03/2015

	
1.117

	
2.198

	
4.329

	
0.870

	
1.658

	
3.258




	
19/03/2015

	
0.992

	
1.334

	
2.051

	
0.740

	
1.008

	
1.567




	
Ave

	
1.237

	
1.783

	
2.825

	
0.920

	
1.350

	
2.101
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