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Abstract:



The ionosphere is still considered one of the most significant error sources in precise Global Navigation Satellite Systems (GNSS) positioning. On the other hand, new satellite signals and data processing methods allow for a continuous increase in the accuracy of the available ionosphere models derived from GNSS observables. Therefore, many research groups around the world are conducting research on the development of precise ionosphere products. This is also reflected in the establishment of several ionosphere-related working groups by the International Association of Geodesy. Whilst a number of available global ionosphere maps exist today, dense regional GNSS networks often offer the possibility of higher accuracy regional solutions. In this contribution, we propose an approach for regional ionosphere modelling based on un-differenced multi-GNSS carrier phase data for total electron content (TEC) estimation, and thin plate splines for TEC interpolation. In addition, we propose a methodology for ionospheric products self-consistency analysis based on calibrated slant TEC. The results of the presented approach are compared to well-established global ionosphere maps during varied ionospheric conditions. The initial results show that the accuracy of our regional ionospheric vertical TEC maps is well below 1 TEC unit, and that it is at least a factor of 2 better than the global products.
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1. Introduction


In the last decades, Global Navigation Satellite Systems (GNSS) have been rapidly evolving and have found a large number of applications in a broad range of commercial and scientific fields. Along with the increase in using space geodetic techniques, the need for more accurate and reliable results is growing still. For this purpose, technical improvements minimizing the effects of the error sources are necessary [1]. At the same time, one of the most significant error sources in precise GNSS positioning is still ionospheric delay of the satellite signals [2]. The ionosphere is a layer of the atmosphere ranging from about 50 to 1000 km consisting mostly of ionized particles that cause satellite signals to be delayed or advanced. The magnitude of the ionospheric effects is determined by the amount of ionospheric total electron content (TEC) and the frequency of electromagnetic waves, and varies from 1 m to more than 100 m. This is due to the fact that the ionosphere changes dynamically under the influence of the highly variable sun.



Reliable modeling of the propagation errors in the ionosphere is essential to support carrier phase ambiguity resolution in precise GNSS positioning. This is especially important in the network RTK (real time kinematic) positioning technique, and also static positioning over longer baselines. As has been shown, the ionospheric delay is characterized by spatial correlation decreasing with the increasing distance of a baseline. Therefore, it is difficult to remove the ionospheric effects through data double-differencing (DD) [3,4,5]. Note that static positioning based on longer observing sessions may utilize ionosphere-free (L3) linear combination of L1 and L2 signals. However, L3 carrier phase ambiguities lose their integer nature and cannot be fixed to integers [2].



The precise GNSS positioning requires very accurate ionospheric corrections to support carrier phase ambiguity resolution [6]. This is particularly true for single-frequency solutions. For this purpose, the parameters of the ionosphere, such as TEC, must be modeled. Due to complexity and diversity of ionospheric processes, there are different approaches to ionosphere modelling. The data assimilation models, e.g., the Global Assimilative Ionospheric Model [7], are based on physical properties of the ionosphere. Other empirical models such as the International Reference Ionosphere (IRI) [8] or NeQuick2 [9], are based on statistical analysis of the results of measurements. There are also models that use purely mathematical approaches to estimate the corresponding model parameters, allowing them to be calculated based on data from space geodetic techniques [1]. According to Alizadeh et al. [1], for TEC parameterization in their global and regional solutions, appropriate base functions, such as spherical harmonics (SH) or 2-D B-splines, should be chosen. Several authors have proven that the use of other functions, e.g., kriging or least squares collocation (LSQ) methods, are also possible [10,11,12,13,14]. The LSQ method seems particularly suitable, however for operational use it requires high computing power as it requires computation of the empirical covariance function [14].



The majority of various global, regional and local ionosphere models currently available are characterized by low temporal and spatial resolutions. Most of them are based on carrier phase-smoothed pseudorange data, which presents low accuracy and requires strong smoothing filters. As a result, the obtained ionospheric delay represents relatively low accuracy of several TEC units (1 Total Electron Content Unit = 1 TECU = 1016 el/m2, and it is equivalent to 0.162 m of L1 signal delay). This is one of the reasons why spherical harmonics expansion (SHE) is used for the global and regional TEC parameterization [15,16,17]. The smoothing effect of SHE undoubtedly results in the low accuracy of the ionospheric models. Also, the ionosphere models often use GPS-only data. Another important aspect is using a single layer model (SLM) ionosphere approximation and its associated relatively simple mapping function [18,19]. This results in rather low relative accuracy of publically available models that amounts to 20–30%, as was shown in Hernández-Pajares et al. [20]. In the aforementioned study, the authors compared several existing and publically available ionosphere models to satellite altimeter data, and the results showed that the accuracy of absolute vertical TEC (vTEC) was on the level of 4–5 TECU (15–25% relative).



In this contribution we selected five popular ionosphere models as background reference models for comparisons with our solution: the International GNSS Service (IGS), Center for Orbit determination in Europe (CODE), European Space Agency (ESA), Jet Propulsion Laboratory (JPL) and Technical University of Catalonia (UPC). According to Hernández-Pajares et al. [20,21], broadly used Global Ionosphere Maps (GIMs) provided by the IGS are characterized by estimated accuracy ranging from a few TECU to approximately 10 TECU in vTEC. This IGS product offers 2.5 by 5.0 degrees spatial resolution, and temporal resolution of 2 h. IGS GIMs are developed as an official product of the IGS Ionosphere Working Group by performing a weighted mean of the various Analysis Centers (AC) vTEC maps: CODE, ESA, JPL, UPC, and NRCan [6,22]. CODE GIM (CODG) comes from processing double-differenced carrier phase data and TEC parametrization using SHE functions and Bernese software, and offers 2.5 by 5.0 degrees spatial resolution, and temporal resolution of 1 h [15]. ESA GIM is based on processing carrier phase-smoothed pseudoranges and TEC parametrization using SHE functions. It is characterized by 2.5 by 5.0 degrees spatial resolution, and temporal resolution of 2 h [23]. JPL GIM is derived from a three-shell model that is based on spline functions. It also offers 2.5 by 5.0 degrees spatial resolution, and temporal resolution of 2 h [24]. According to Hernández-Pajares et al. [17], the highest accuracy is offered by the UQRG model that is provided by UPC, and is produced by combining a tomographic modelling of the ionosphere with kriging interpolation using the TOMION software developed at UPC. UQRG offers 2.5 by 5.0 degrees spatial resolution, and high temporal resolution of 15 min [13,25]. It should also be noted that vertical TEC values estimated by using smoothed pseudoranges have lower accuracy than what is offered by methods based on the precise carrier phase observations [26].



Therefore, in this paper, regional ionosphere modeling based on multi-GNSS carrier phase data and thin plate splines (TPS) interpolation is presented. Contrary to most of the existing solutions, our approach exclusively utilizes precise, un-differenced carrier phase observables for TEC estimation, instead of carrier phase-smoothed pseudoranges. Therefore, this approach required the development of a special methodology for the estimation of carrier phase bias that was present in the carrier phase data.



The manuscript is organized into four sections: (1) Introduction presenting the background and rationale for the research. (2) Methodology, where we describe (a) our new method for the carrier phase bias estimation, (b) slant and vertical TEC calculation procedure, (c) our implementation of TPS for TEC interpolation. (3) Numerical Results and Discussion where we define our test dataset, reference ionosphere models, approach to slant TEC (sTEC) self-consistency analysis, test results and their discussion. (4) Conclusions outlining new findings resulting from this research.




2. Methodology


A new regional ionosphere model (UMM-rt1) developed at the University of Warmia and Mazury in Olsztyn (UWM) is based exclusively on precise un-differenced dual-frequency GPS+GLONASS carrier phase data. For TEC calculation, we use data from over 200 European stations of ground GNSS networks: EUREF Permanent network (EPN) and European Position Determination System (EUPOS) [27]. Our approach for providing regional maps (grids) with vertical TEC consists of a three-step procedure described below.



2.1. Carrier Phase Bias Estimation


In the first step (1), we use geometry-free linear combination (L4) of dual-frequency carrier-phase observations and estimate their carrier phase biases ([image: ] for all continuous satellite arcs [2]


[image: ]



(1)




where [image: ] is geometry-free linear combination in units of length [m], [image: ] is a factor that converts the slant ionospheric delay ([image: ]) at [image: ] signal to L1 delay, [image: ] are L1 and L2 signal frequencies. The estimated parameter [image: ] is constant in time and consists of carrier phase ambiguities and hardware delays:


[image: ]



(2)




where b represents hardware delays (satellite and receiver), N represents carrier phase ambiguities, and λ represents signal wavelength. In our data processing, the ionosphere can be parametrized every 10–20 min using a broad selection of different ionosphere parametrizing functions such as spherical harmonics expansion (SHE), B-splines, general 2D polynomials, local 2D polynomials, etc. [28].



The unknown model parameters are epoch-dependent parameters (coefficients) of the selected ionospheric function and time-constant carrier phase bias parameters for each continuous data arc. The parameters are estimated in a common Least Square Estimation (LSE) adjustment of the data from all available stations and 24-h dataset [29]. It should be noted that the accurate carrier phase bias is the prerequisite for the resulting accurate vTEC maps.




2.2. TEC Calculation Procedure


In the second step (2) of the data processing, the estimated carrier phase biases are used to calculate precise slant ionospheric delays ([image: ]) by using L4 observations and substituting previously estimated [image: ] (Equation (3)) [11]. The slant delays are then converted into slant TEC and subsequently mapped to vertical TEC at the ionospheric pierce point (IPP) locations. For slant to vertical mapping, a SLM mapping function is used [15,30,31].




[image: ]



(3)






2.3. TEC Modelling by TPS


In the last step (3), thin plate splines’ (TPS) approximation is applied for accurate ionospheric TEC modelling and to provide vertical TEC maps (grids), as described in the section below [32]. The thin plate spline is a closed solution to the variational problem that aims at minimizing the bending energy of an elastic membrane. Provided that the vTEC data from step (2) are given in planarly scattered points (i.e., IPPs), [image: ], TPS can be written in the form [33,34]:


[image: ]



(4)




where [image: ] is the planar distance, [image: ] and [image: ] are the spline parameters. These parameters can be determined from the equation


[image: ]



(5)




where:


[image: ]



(6)




and [image: ]. [image: ] is the identity matrix and [image: ] is the smoothing parameter. For [image: ], Equation (4) represents the interpolation spline, otherwise for [image: ] we receive approximation TPS with smoothing properties controlled by [image: ].



Figure 1 shows a schematic diagram of TPS implementation for the TEC modelling. Since the initial scattered vertical TEC data are given on ellipsoid [image: ], they have to be mapped onto the plane. We use the Universal Transverse Mercator (UTM) projection for this purpose. After the TPS parameter estimation according to Equation (6) with an initial value of [image: ], the smoothed TECTPS values are determined for the data points [image: ]. Deviations of these TPS-modelled values from the given TEC data allow for root mean error (RMS) calculation. The received value is compared with an a priori accuracy ([image: ]) of TEC data. If these values are significantly different from each other, the parameter [image: ] is modified and a new TPS function is determined. In another case, the ellipsoidal grid [image: ] is mapped onto the plane by means of UTM projection and TECTPS values ([image: ]) are calculated. Finally, TECTPS values are merged with the ellipsoidal grid. The approximation parameter [image: ] depends strongly on the data to be modelled. We use values of the order of 10−10 for TEC data smoothing and interpolation.


Figure 1. Schematic diagram of vertical total electron content (vTEC) modelling by thin plate splines (TPS).
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3. Numerical Results and Discussion


The quality of the presented ionosphere model (UWM-rt1) was tested by a comparison to the five available ionosphere products: IGS, UQRG, JPL, CODG and ESA GIMs. In addition, the reference sTEC variability was compared during the selected 7 days (14–20 March 2015) characterized by varied ionosphere conditions. Figure 2 depicts the disturbance storm time index (Dst) and the variation of daily ΣKp index. As one can see in the figure, the test period includes the ionospheric storm that took place on 17 March 2015 (DoY 76/2015). This is the so-called St. Patrick storm—the strongest disturbance in the ionosphere in 2015. The test period also includes three quiet days before the storm 14–16 March (DoY 73–75/2015), representing the regular state of the ionosphere, and three days after the main phase of the storm, 18–20 March (DoY 77–79/2015), representing the recovery phase. The quiet days were characterized by max ΣKp = 19, while during stormy days ΣKp reached 48 and Dst dropped down to −225 nT. In the recovery phase of the storm, maximum daily ΣKp amounted to 39.


Figure 2. Variations of ΣKp and Dst indices during March 2015. The vertical red lines highlight the seven test days (14–20 March 2015).
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UWM-rt1 is based solely on precise un-differenced dual-frequency carrier phase data from over 200 stations of ground GNSS (GPS + GLONASS) networks. For the data preprocessing, the 30-s sampling interval is used (data cleaning, cycle slip detection, etc.). In order to reduce errors associated with the SLM mapping function, the elevation cut-off angle for GNSS observations was set to 30 degrees. Decreasing the cut-off angle would increase the number of available observations, but low elevation data may introduce errors due to the inaccuracy of the SLM. The final TEC maps are provided with 1 min intervals.



3.1. Self-Consistency Analysis


In the presented approach, UWM-rt1 and other tested ionospheric maps were used independently to calibrate sTEC for each continuous carrier phase observational arc. Note that L4 observable data precisely represents changes in the ionospheric delay, and therefore in sTEC. However, this data is biased by the carrier phase bias ([image: ]) that has to be removed by the sTEC calibration procedure. The calibration procedure is as follows:

	
Firstly, a geometry-free linear combination (L4) of carrier phase observations is formed for each continuous data arc (red line, Figure 3 left panel);


Figure 3. Scheme of the L4 data fitting into Global Ionosphere Maps’ (GIM) slant TEC (sTEC) (sTEC calibration).
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next, sTEC for the same satellite arc extracted from a tested model (GIM_sTEC) is calculated (blue line, Figure 3 left panel);



	
then, carrier phase bias is estimated by fitting carrier phase data (L4) into GIM_sTEC, resulting in calibrated sTEC (L4_sTEC) (red line, Figure 3 right panel).








In our approach to the self-consistency analysis, post-fit residuals between L4_sTEC and GIM_sTEC were evaluated. Since L4_sTEC is based on real GNSS observations, it precisely reflects actual ionospheric TEC variations and, therefore, may serve as a reference for GIM_sTEC. However, one has to note that the absolute level of L4_sTEC is driven by the TEC level from a particular GIM used for calibration. For statistical analysis of the validated maps, 12 reference stations from EPN networks located in Central and Western Europe were selected (Figure 4). Note that these stations were excluded from UWM-rt1 model calculation.


Figure 4. Locations of EUREF Permanent network (EPN) station used in the statistical analysis.
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Figure 5 presents example TEC maps derived from the UWM-rt1 model on a quiet day before the storm (DoY 75, A), the stormy day (DoY 76, B) and one day after the storm (DoY 77, C), all at 11.00 GPST (GPS system time). In addition, the ionosphere track of the GPS PRN30 satellite observed by POTS station is presented in the figure. Note that this track covers several hours and it is superimposed on the TEC maps to show its spatial location.


Figure 5. Example TEC maps derived from the UWM-rt1 model on a quiet day before the storm (A), the stormy day (B) and one day after the storm (C) all at 11:00 GPST. Dark lines represent tracks of the GPS PRN30 satellite observed by POTS station.
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In the analysis, the post fit residuals—between sTEC from the calibrated carrier phase data arcs and the sTEC from the GIMs used for the calibration—were used as a GIMs quality indicator. In the example provided in Figure 6, both L4_sTEC (red) and GIM_sTEC (blue) for PRN30 data arcs are presented. According to this figure, on a geomagnetically quiet day, the sTEC values calculated from all of the six tested maps show quite good agreement with the reference L4_sTEC. However, a significant increase in sTEC residuals is observed on the disturbed day. It can be seen that only the UWM-rt1 model is characterized by good correspondence of GIM_sTEC and L4_sTEC during the ionospheric storm. Out of the remaining five ionosphere models, it is evident that CODG maps perform significantly better than IGS, UQRG, JPL and ESA GIMs. On the quiet day, after the storm, the residuals decreased for all models. However, UWM-rt1 and CODG models still show better fitting to the L4 data. Numerical values of the resulting overall RMS are provided in Table 1 and discussed below.


Figure 6. sTEC for selected PRN arcs from calibrated geometry-free L4 (L4_sTEC—red) and selected GIMs (GIM_sTEC—blue) on the quiet day before the storm (A), the stormy day (B) and one day after the storm (C).
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Table 1. Root mean error (RMS) of post fit residuals for the analyzed TEC maps (TECU). The stormy day is marked with bold font. UWM-rt1—our regional maps, IGS—International GNSS Service global maps, UQRG—high-rate maps provided by Technical University of Catalonia, JPL—global maps from Jet Propulsion Laboratory, CODG—global maps from Center for Orbit determination in Europe, ESA—global maps from European Space Agency.







	
DOY

	
UWM-rt1

	
IGS

	
UQRG

	
JPL

	
CODG

	
ESA






	
73

	
0.44

	
0.81

	
0.94

	
0.91

	
0.61

	
0.95




	
74

	
0.36

	
0.85

	
0.95

	
0.94

	
0.63

	
1.00




	
75

	
0.38

	
0.83

	
1.00

	
0.95

	
0.62

	
0.84




	
76

	
0.61

	
1.67

	
1.32

	
1.81

	
1.14

	
2.36




	
77

	
0.22

	
0.71

	
0.54

	
0.78

	
0.52

	
0.82




	
78

	
0.24

	
0.84

	
0.61

	
0.91

	
0.56

	
1.20




	
79

	
0.15

	
0.76

	
0.55

	
0.86

	
0.42

	
0.79










The statistics concerning the RMS of the post fit residuals for the analyzed TEC maps for all days and stations are presented in Table 1 and Figure 7. The results for the stormy day are marked with bold font. The daily RMS for the particular models was similar during three quiet days before the storm. The RMS did not exceed 1 TECU, and in the case of the UWM-rt1 maps amounted to ~0.4 TECU. In this period, the RMS for CODG maps reached up to ~0.6 TECU, ~0.8 TECU for the IGS maps, whilst for the other evaluated maps the RMS exceeded 0.9 TECU.


Figure 7. Daily RMS distribution for all analyzed TEC maps (TECU).
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The stormy day (DoY 76/2015) provided the most challenging conditions for all models. However, the RMS for the UWM-rt1 was still under 1 TECU, reaching up to ~0.6 TECU, while the RMS for the ESA maps even exceed 2 TECU. The RMS values for CODG, UQRG, IGS and JPL maps amounted to ~1.14, ~1.32, ~1.67 and ~1.81 TECU, respectively. The increased RMS was caused by higher spatial and temporal variability of the ionosphere during the geomagnetic storm. This variability is not properly reproduced by the global TEC maps. This is also reflected in the example presented in Figure 6 (B panel). A possible way to better model the state of the disturbed ionosphere may be to increase the GIMs’ resolutions—both spatial and temporal. This, however, may require very dense networks of GNSS receivers that are not available in many areas.



During the recovery stage of the storm (DoY 77/2015), the negative phase was observed with low TEC values, which was also reflected in lower RMS. The RMS of post-fit residuals in the case of the UWM-rt1 maps was very low (~0.2 TECU), whilst other GIMs varied from ~0.5 TECU (UQRG and CODG) to ~0.7–0.8 TECU (remaining maps). The following days were characterized by an increased RMS level that even reached 1.2 TECU for ESA. However, in the case of UWM-rt1 maps, the RMS remained very low (0.2 TECU).



The overall RMSs based on all days and satellite arc data are presented in Table 2. It can be seen that the RMS for the UWM-rt1 maps amounted to 0.3 TECU, and was three times lower than in the case of the global IGS, JPL maps, and almost four times lower than in the case of the ESA maps. The overall RMS for CODG and UQRG maps was the lowest among global maps and amounted to ~0.6 and ~0.8 TECU, respectively.



Table 2. The overall RMS based on all analyzed days, stations and satellite arcs (TECU).







	
UWM-rt1

	
IGS

	
UQRG

	
JPL

	
CODG

	
ESA






	
0.34

	
0.92

	
0.84

	
1.02

	
0.64

	
1.14










In addition, average RMSs for all analyzed days and satellite arcs were calculated separately for each test station. As one can see in Figure 8, the results are consistent with the results presented in Table 2. For all selected days, the average RMS reached the lowest values for the UWM-rt1 model, while the highest RMSs were observed for the ESA and JPL GIMs. Again, CODG maps present the highest accuracy among global TEC maps. There are no large variations between the results for individual stations. However, the lowest RMS was observed for WARE station.


Figure 8. Average RMS based on all days and satellite arcs for selected test stations.
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4. Conclusions


In this contribution, we presented our approach to regional ionospheric TEC modelling based on processing un-differenced GNSS carrier phase data and TPS parametrisation. The resulting TEC maps were analyzed for self-consistency under varying ionosphere conditions, including storm-time geomagnetic disturbances. The results were compared to selected popular GIMs provided by IGS, CODE, ESA, JPL and UPC. It was shown that our regional solution was characterized by 2–3 times lower RMS compared to these maps. It was also observed that during the storm, the RMS for all models increased by a factor of 2, but our approach was the only one with a RMS clearly below 1 TECU. This confirms the applicability of the TPS-based approach in accurate regional ionosphere modelling. Future steps to be taken in the development of our model will include global modelling and validation using altimeter data.
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