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Abstract:



The multi-constellation Global Navigation Satellite Systems (GNSS) offers promising potential for the retrieval of real-time (RT) atmospheric parameters to support time-critical meteorological applications, such as nowcasting or regional short-term forecasts. In this study, we processed GNSS data from the globally distributed Multi-GNSS Experiment (MGEX) network of about 30 ground stations by using the precise point positioning (PPP) technique for retrieving RT multi-GNSS tropospheric delays. RT satellite orbit and clock product streams from the International GNSS Service (IGS) were used. Meanwhile, we assessed the quality of clock and orbit products provided by different IGS RT services, called CLK01, CLK81, CLK92, GFZC2, and GFZD2, respectively. Using the RT orbit and clock products, the performances of the RT zenith total delays (ZTD) retrieved from single-system as well as from multi-GNSS combined observations were evaluated by comparing with the U.S. Naval Observatory (USNO) final troposphere products. With the addition of multi-GNSS observations, RT ZTD estimates with higher accuracy and enhanced reliability compared to the single-system solution can be obtained. Compared with the Global Positioning System (GPS)-only solution, the improvements in the initialization time of ZTD estimates are about 5.8% and 8.1% with the dual-system and the four-system combinations, respectively. The RT ZTD estimates retrieved with the GFZC2 products outperform those derived from the other IGS-RT products. In the GFZC2 solution, the accuracy of about 5.05 mm for the RT estimated ZTD can be achieved with fixing station coordinates. The results also confirm that the accuracy improvement (about 22.2%) can be achieved for the real-time estimated ZTDs by using multi-GNSS observables, compared to the GPS-only solution. In the multi-GNSS solution, the accuracy of real-time retrieved ZTDs can be improved by a factor of up to 2.7 in the fixing coordinate mode, compared with that in the kinematic mode.
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1. Introduction


Water vapor, as a fundamental component of the atmosphere, plays a key role in the hydrological cycle and the climate system. Traditional water vapor measurements are mainly provided by the meteorological sensors, such as radiosondes and water vapor radiometers [1,2]. However, due to the high spatiotemporal variability of the atmospheric water vapor and limitations of these traditional observing techniques, efforts have been made to obtain reliable and enhanced water vapor observations. Global Positioning System (GPS) meteorology conceived as monitoring the atmospheric water vapor with ground-based GPS receivers was firstly introduced in 1990s [3]. Since then, extensive studies concerning GPS meteorology have been carried out in the past two decades. The results demonstrated the capability of GPS for providing water vapor estimates with comparable accuracy to those offered by the meteorological sensors [4,5,6]. Furthermore, the GPS-derived water vapor also has its advantages, such as low operational expense, high spatiotemporal resolution, and all-weather availability.



Most of these previous investigations were limited to post-processing and near-RT modes, while few studies involve the RT mode, which requires an efficient RT service system that offers RT orbits, satellite clocks, and other RT products [7]. However, with the increasing innovative applications, nowcasting and short-term weather forecasting have been becoming important trends in meteorology this requires more information of the atmosphere state being provided with short or even no latency [7,8]. To deliver the tropospheric products in RT serving for the time-critical operational meteorology has become one of the focuses within the GNSS (Global Navigation Satellite Systems) meteorology community. Attributing to the recent development of the IGS (International GNSS Service) RT pilot project (RTPP), the RT satellite orbit/clock products provided by IGS, as well as its analysis centers (ACs) such as GeoForschungsZentrum (GFZ) and the European Space Agency (ESA), are now available for scientific researches and projects. This offers a good potential for estimating the tropospheric delays by using the RT PPP [9,10,11,12].



Dependent on the IGS-combined RT satellite orbit/clock products, the European Coordination in Science and Technology (COST) has started to offer the RT zenith total delay (ZTD) products on the basis of GPS observations. Meanwhile, the RT Demonstration campaign (RT-Demo) is organized by Working Group 1 “Advanced GNSS Tropospheric Products” of the COST ES1206 Action GNSS4SWEC (“Advanced Global Navigation Satellite Systems tropospheric products for monitoring severe weather events and climate”) [13]. This campaign was designed in 2014 and officially began on 1 April 2015, and aims at fully exploiting the current GNSS capability for the RT meteorological applications. Some of the recent studies have concentrated on retrieving the RT tropospheric products or water vapor based on GPS-only observations. The results pointed out that the high accuracy (a few millimeters) of the derived RT tropospheric delays or water vapor can be achieved when compared to the post-processing products and meteorological data [7,11,12].



Nowadays, the world of the satellite navigation system is undergoing rapid development into a powerful multi-GNSS constellation, along with the modernization of GPS, the recovery of the Russian Global Navigation Satellite System (GLONASS), and the newly developing European Galileo and the Chinese Beidou satellite (BDS) system [13]. As of September 2017, more than 90 navigation satellites (32 GPS, 24 GLONASS, 18 BDS, 18 Galileo) are in orbit and transmitting data profiting from the multi-GNSS constellation. Moreover, the number of the satellites in total will increase to more than 120 once all four systems (GPS, GLONASS, Galileo, and BDS) are fully deployed. Many of the GPS networks have been upgraded to the multi-GNSS observation networks. As an example, the IGS MGEX network, consisting of more than 120 stations, was deployed in 2012 to facilitate the experiment with the emerging multi-system and multi-frequency data and to provide a well-established multi-GNSS service [14].



When compared with the single-system constellation, RT tropospheric products with enhanced availability, stability, and accuracy are anticipated from the fusion of multi-GNSS due to the increased number and the improved spatial geometry of the tracked satellites. The performance of RT tropospheric delays derived from multi-GNSS processing in the simulated RT mode has been investigated in some recent studies [8,15]. For example, Lu et al. performed a GPS + BDS combined solution for the RT water vapor retrieval and demonstrated that the accuracy of the derived water vapor could be improved from 1.7–2.1 mm to 1.5–1.8 mm when applying the combined instead of the GPS-only solution [8]. The RT water vapor retrieved from the four-system multi-GNSS combination (GPS + GLONASS + Galileo + BDS) was also studied by Li et al. [15]. The results showed that the water vapor estimates with higher accuracy (1.0–1.5 mm) and stronger reliability could be achieved from the multi-GNSS fusion when compared to the single-system solutions (e.g., GPS-only, GLONASS-only, and BDS-only).



The latest investigation on multi-GNSS tropospheric delays retrieval in operational RT mode was carried out by Ding et al. [16]. They extracted RT ZTD estimates based on GPS, GLONASS, and Galileo observations employing the Precise Point Positioning (PPP) technology. In their study, the Precise Point Positioning with Integer and Zero-difference Ambiguity Resolution Demonstrator (PPP-WIZARD) software offered by the Centre National d’Etudes Spatiales (CNES) [17] was utilized, and the applied RT satellite orbit/clock products also were provided by from CNES.



In this contribution, GPS, GLONASS, Galileo, and BDS observations are incorporated together for the operational RT tropospheric monitoring based on the PPP approach. The RT iPPP software [10] is employed for data processing, and the satellites orbit/clock products provided by different IGS-RT analysis centers (e.g., BKG, GFZ) are utilized. Firstly, an experiment over 15 days is conducted to evaluate the performance of the RT satellites orbit/clock products from each IGS-RT service. The convergence time and the accuracy of RT ZTD estimates are assessed when applying different IGS-RT products. Then, the performance of RT ZTD retrieved from both single systems and from different multi-GNSS combination (concerning the weighting scheme for multi-system fusion, especially the contribution of BDS and Galileo) are investigated. Finally, the validation and comparison of different GNSS RT ZTD is carried out by using the IGS post-processing tropospheric products with high accuracy as reference.




2. Multi-GNSS ZTD Estimation in Real-Time


In the RT multi-GNSS PPP processing, the linearized equations of undifferenced (UD) carrier phase and pseudo-range observations can be expressed as follows,
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where the indices [image: ], [image: ], [image: ] and [image: ] refer to the GPS, GLONASS, Galileo, and BDS satellites, respectively; [image: ] expresses the GLONASS satellite with frequency factor k; [image: ], [image: ], and [image: ] represent satellite, receiver, and frequency, respectively; P and L denote “observed minus computed” pseudorange and phase observables, respectively; [image: ] is the unit vector of the direction from receiver to satellite; [image: ] is the positioning error of station coordinates; [image: ] and [image: ] refer to the RT satellite orbit errors and satellite clock errors, respectively; [image: ] denotes the clock errors of receiver; [image: ] is the code biases; [image: ] is the integer ambiguity; [image: ] and [image: ] are the uncalibrated phase delays; [image: ] is the wavelength; the ionospheric delays [image: ] at different frequencies can be expressed as [image: ]; [image: ] represents the slant tropospheric delay; [image: ] and [image: ] represent the sum of measurement noise and multipath error for the pseudorange and carrier phase observations. The phase center offsets and variations, tidal loading and phase wind-up are also considered using the existing models with sufficient accuracy [18]. For the phase center offset (PCO) and phase center variation (PCV) correction of receivers’ antennas, the GPS values are used.



Because of the different frequencies and signal structure of the individual GNSS, the code biases for the four systems are different from each other in one multi-GNSS receiver. Thus, both inter-system bias (ISB) and inter-frequency bias (IFB) must be taken into account in a combined processing of multi-GNSS observations. The code bias for GPS satellites is set to zero in order to eliminate the singularity between receiver clock and code bias parameters. In other words, all the estimated code biases for the other systems are relative to the biases of the GPS satellites.



For the RT multi-GNSS PPP processing, precise satellite orbits and clocks have to be firstly determined using the observation data from a global GNSS ground tracking network. Similar to the procedure of the IGS ultra-rapid orbits, the RT orbits are predicted (here 6-h prediction) based on the orbits determined in a batch-processing mode by using an orbit integrator. Afterwards, RT satellite clocks are estimated with fixed satellite orbits and station coordinates and updated epoch by epoch due to their short-term fluctuations [19]. The zero mean conditions over the ISB/IFB parameters are also introduced for each system (i.e., BDS and Galileo) and for each GLONASS frequency in the multi-GNSS orbit and clock determination [20]. In the combined data processing, suitable weighting of phase and pseudorange observables among systems should be considered carefully based on their qualities. An elevation-dependent weighting strategy is applied for the combined data processing of four-system observations. The stochastic model of UD pseudorange and carrier phase observations can be described as Equation (3):
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where [image: ] is the standard deviation of raw measurements (unit: m); E is the satellite elevation angle (unit: rad); a and b are empirical constants. For GPS, a and b are generally set to be 0.003 mm for carrier phase and 0.3 m for code observations. For GLONASS, Galileo and BDS, the coefficients are increased by a factor of 1.5, 2.0 and 2.0, respectively, due to the less accurate satellite orbit and clock products compared to GPS. In this study, the empirical weighting factors for different satellite systems are derived from numerous multi-GNSS PPP data processing by using variance component estimation method [21]. Firstly, multi-GNSS PPP is performed by using variance component estimation method, and then the empirical weighting factors for different satellite systems are obtained. Afterwards, the derived weight factors (approximately 1:1.5:2:2) are used in the subsequent real-time PPP processing.



The tropospheric slant total delay [image: ] consists of the hydrostatic and the wet components, both of which can be expressed by their individual zenith delay and mapping functions,
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where [image: ] and [image: ] are the hydrostatic and wet coefficients of the global mapping function (GMF) [22]. The zenith hydrostatic delay (ZHD) [image: ] can be computed by using the Saastamoinen model [23] and meteorological data, while the zenith wet delays (ZWD) [image: ], which commonly cannot be corrected well, have to be estimated as unknown parameters. In general, there is no need to estimate tropospheric gradient parameters for the RT ZTD estimation [24]. Additionally, to evaluate the impacts of different treatments of station positions, that is, fixed or estimated as kinematic, on the ZTD estimates, we calculate and make a comparison between the ZTDs derived from the two strategies.



A sequential least square filter is employed to estimate unknown parameters in RT processing. All the observations from different GNSS (four systems) are processed together in the common estimator to perform a rigorous multi-GNSS analysis with considering the inter-system and inter-frequency biases [8]. In RT multi-GNSS PPP based atmospheric parameter retrieving, the estimated parameters vector [image: ] can be expressed as,
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where the receiver clock bias [image: ] is estimated epoch-wise as white noise. The ISB and IFB parameters [image: ], [image: ], [image: ] are estimated as constant over one processed day. The ionospheric delays [image: ] are taken as estimated parameters for each satellite at each epoch by using dual-frequency raw phase and pseudorange observations. The phase delays [image: ] and [image: ] will be absorbed by phase ambiguity parameters, and the phase ambiguities [image: ] are estimated as constant for each continuous arc. The tropospheric ZWD [image: ] is modeled as a random walk process and the noise intensity is about 5~10 [image: ]. The variance component estimation weighting method is also applied in this study. The multi-GNSS data processing strategies for retrieving RT tropospheric delays are summarized in Table 1.



Table 1. Processing strategies for the real-time (RT) multi-Global Navigation Satellite Systems (GNSS) zenith total delays (ZTD) estimation.







	
Item

	
Strategies






	
Estimator

	
All multi-GNSS observations are processed together in one sequential least square estimator.




	
Sources of satellite orbits & clocks

	
As shown in Table 2



Table 2. The International GNSS Service (IGS)-RT stream products from each analysis center.







	
IGS RTS

	
Reference Point

	
GNSS

	
Analysis Center






	
IGS01

	
APC

	
GPS

	
SE Combination




	
IGS02

	
APC

	
GPS

	
KF Combination




	
IGS03

	
APC

	
GPS/GLO

	
KF Combination




	
CLK70

	
APC

	
GPS

	
GFZ




	
CLK01

	
APC

	
GPS/GLO

	
BKG




	
CLK21

	
APC

	
GPS/GLO

	
DLR/GSOC




	
CLK16

	
APC

	
GPS

	
WUHAN




	
CLK81

	
APC

	
GPS/GLO

	
GMV




	
CLK92

	
CM

	
GPS/GLO/GAL/BDS

	
CNES




	
GFZC2

	
APC

	
GPS/GLO/GAL/BDS

	
GFZ




	
GFZD2

	
APC

	
GPS/GLO/GAL/BDS

	
GFZ











	
Observations

	
Carrier phase and pseudorange observations;

GPS + GLONASS + Galileo + BDS, about 80 navigation satellites




	
Signal selection

	
GPS: L1/L2; GLONASS: L1/L2; Galileo: E1/E5a; BDS: B1/B2




	
Sampling rate

	
5 s




	
Elevation cutoff

	
7°




	
Weight for observations

	
The variance component estimation weighting method




	
Satellite orbit

	
Fixed




	
Satellite clock

	
Fixed




	
Zenith Tropospheric delay

	
Initial model (ZHD estimated using Saastamoinen model based on GPT2) + random-walk process (process noise: 5 mm/h1/2)




	
Tropospheric gradients

	
No




	
Mapping function

	
Global Mapping Function (GMF)




	
Phase-windup effect

	
Corrected




	
Receiver clock

	
Estimated, white noise




	
ISB and IFB

	
Estimated as constant, GPS as reference




	
Station displacement

	
Solid Earth tide, pole tide, ocean tide loading, IERS Convention 2010




	
Satellite antenna phase center

	
Corrected using MGEX and IGS values




	
Receiver antenna phase center

	
Corrected




	
Station coordinate

	
Fixed to coordinates of weekly solution/kinematic estimated




	
Phase ambiguities

	
Constant for each continuous arc, without ambiguity resolution










With [image: ] and the estimated tropospheric parameter [image: ], the slant total delay can be reconstructed according to,
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(7)




where [image: ] is the reconstructed slant total delay, [image: ] denotes the post fit phase residual, which includes residual tropospheric delays due to the tropospheric asymmetry. In this study, pressure provided by the Global Pressure and Temperature 2 (GPT2) model is used to calculate the a priori ZHD so as to derive the ZTD (PPP-derived ZTD) [25].




3. Multi-GNSS Data and Products


3.1. Multi-GNSS Orbit and Clock Products from IGS RTS


In order to meet the requirements of RT GNSS precise applications, the IGS Real Time Working Group (RTWG) has officially provided the RT service (RTS) since 2013. The multi-GNSS orbit and clock products from RTS include precise orbit and clock corrections, which largely depend on the IGS infrastructure of the global RT network stations, the data centers, and the analysis centers that offer high-precision GNSS data products. To date, eight analysis centers are capable of providing the IGS-RT orbit and clock products, including BKG (Bundesamt für Kartographie und Geodäsie), CNES (Centre National d’Etudes Spatiales), DLR (Deutsches Zentrum für Luft- und Raumfahrt), ESA (European Space Agency), GFZ (Deutsches GeoForschungsZentrum), GMV (GMV Aerospace and Defense), and WUHAN (Wuhan University). Those analysis centers broadcast RT orbit and clock corrections through different mount points. Most of them provide GPS-only single-system or GPS/GLONASS dual-system RT orbit and clock products, while only a few analysis centers (e.g., CNES and GFZ) are able to provide the GPS/GLONASS/Galileo/BDS four-system products. Table 2 lists the IGS-RT orbit and clock products from each analysis center in details.



Currently, the RTS products, including the precise satellite orbit/clock corrections on the broadcast ephemeris, are distributed as the RT data streams (i.e., IGS01/IGC01, IGS02, and IGS03) and are expressed within the International Terrestrial Reference Frame 2008 (ITRF08). Additionally, the products can be accessed through internet without special licensing [26]. The accuracies for the orbits and clocks are 5 cm and 0.3 ns, respectively [27]. As an example, GFZ, as one of the IGS-RT data analysis centers, is able to offer the RT satellite orbit/clock products of all four systems to users with accuracy at cm level [14].




3.2. Multi-GNSS Data


The multi-GNSS Experiment (MGEX) [28] was initiated by IGS in 2012, to prepare for the incorporation of the new and modernized systems, which include Galileo, BDS, QZSS, and Navigation with Indian Constellation (NAVIC) systems, as well as the modernized GPS and the recovered GLONASS, and any other space-based augmentation system (SBAS) of interest [14]. A global multi-GNSS stations network, currently comprising more than 170 active stations, has been deployed under the framework of the MGEX campaign and integrated in parallel with the existing IGS network of GPS/GLONASS reference stations. As a minimum, all the MGEX stations support the tracking of GPS constellation as well as at least one of the new Galileo, BDS, or QZSS constellations, and the GLONASS satellites are tracked by most of the stations from MGEX. The majority of the MGEX stations allows for the RT data access in addition to the off-line archival data.



Meanwhile, various ACs and agencies have been providing the multi-GNSS products [29,30] and the satellite orbit/clock products for most of the new constellations have also been generated on a routine basis [31], which inspires much interest in using the multi-GNSS observations for PPP technique. The main supporters of MGEX are the CNES, Institut National de l’Information Géographique et Forestière (IGN), Geoscience Australia (GA), GFZ, Japan Aerospace Exploration Agency (JAXA), DLR, BKG, and the ESA, which contribute to roughly three quarters of the multi-GNSS stations. In early 2016, it was decided to terminate the experimental phase of the MGEX and to pursue IGS multi-GNSS activities as the “IGS Multi-GNSS Pilot Project”. The term “MGEX” will be retained by IGS for this pilot project due to its high recognition achieved so far [32].



In this study, observational data of globally distributed MGEX stations are processed in operational RT PPP mode to retrieve the tropospheric delays. The geographic distribution of those stations along with their supporting constellations is illustrated in Figure 1.


Figure 1. Geographical distribution of the multi-GNSS Experiment (MGEX) network and their supported navigation satellite constellations.
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4. Results and Validations


4.1. Assessment of IGS-RT Orbit and Clock Products


As the performance of tropospheric delays derived from the multi-GNSS RT precise positioning depends on the accuracy and reliability of the employed RT precise orbit and clock products, the quality and capability of those products from different IGS RTS are evaluated before applied into the multi-GNSS processing. Here, taking the GFZ final orbit and clock products as reference, we analyze and compare different multi-GNSS RT orbit and clock products (i.e., CLK01, CLK81, CLK92, GFZC2 and GFZD2) over the period from day of year (DOY) 84 to DOY 101 in 2017. It is noteworthy that the four-system (GPS + GLONASS + Galileo + BDS) RT orbits and clocks are available from CLK92, GFZC2, and GFZD2, while CLK01 and CLK81 only support GPS and GLONASS products.



Figure 2 shows the RMS (root-mean-square) values of differences between the IGS-RT orbits and the GFZ final orbits for each satellite constellation in the along-track, cross-track, and radial components, respectively. The accuracy of RT GPS orbits is the best among all the orbital types in the three components, which is followed by GLONASS satellites. Limited to the insufficient number of globally tracking stations, the RT orbit accuracy for Galileo and BDS are not comparable to that for GPS or GLONASS. For the multi-GNSS orbits provided by the five ACs, the results in the radial component show a better agreement with the GFZ final orbits than those in the cross component, while the agreement in the along component is the worst.


Figure 2. RMS (root-mean-square) values of the differences between IGS-RT orbits (CLK01, CLK81, CLK92, GFZC2, and GFZD2) and GeoForschungsZentrum (GFZ) final orbits for the four systems (i.e., Global Positioning System (GPS), Russian Global Navigation Satellite System (GLONASS), Galileo, and BDS) in the along (a), cross (b) and radial (c) components, respectively.
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For GPS satellites, the RMS values for the CLK01 orbits that fit the best with the GFZ final orbits are less than 5 cm in the radial and cross components and below 10 cm in the along component. CLK81 provides slightly worse GPS orbits than CLK01 in particular for the along and cross components, where the RMS values reach up to 12 cm and 7 cm, respectively. The CLK92 GPS orbit accuracy is very similar to that by CLK81 in the along and radial components, while the RMS value for CLK92 is about 11 cm in the cross component. In addition, the GPS RT orbits derived from GFZC2 and GFZD2 reveal lower accuracy than those from CLK01, CLK81, and CLK92. The RMS values for the GFZC2 GPS orbits can reach up to 25, 17, and 8 cm for the along, cross, and radial components, respectively.



The comparative results of the GLONASS satellite orbits derived from the different five ACs are similar to those of the GPS orbits mentioned above, except that they show a slightly lower accuracy than GPS orbits. For the RT GLONASS orbits, the RMS values for the CLK01 orbits are less than 20, 12, and 6 cm for the along cross, and radial, components, respectively, while the values for the GFZC2 orbits are about 22, 18, and 8 cm, respectively, in the three components.



The Galileo satellite orbits, offered by the CLK92, show a better agreement with the GFZ final orbits than those from other ACs. The RMS values for the CLK92 Galileo orbits are generally below 5 cm in the radial component, and less than 10 and 12 cm in the cross and along components. The RMS value for the GFZC2 orbits can reach about 38, 19, and 12 cm in the along, cross, and radial components, respectively.



For BDS GEO satellites (C01-05), the RT orbit products for the whole constellation cannot be continuously provided by CLK92, GFZC2 and GFZD2 since the corresponding global distribution of GEO tracking stations are not good and the data streams for some of the satellites are always missing, such as for satellites C01 and C03. For BDS inclined geosynchronous orbit (IGSO) (C06-10) satellites, the orbits provided by GFZD2 reveal the best accuracy in all three components. The CLK92 orbits show the lowest accuracy in the along component, and the GFZC2 orbit accuracy is the worst in the cross and radial components. For BDS medium earth orbit (MEO) (C11-14) satellites, CLK92 and GFZD2 offer the RT orbits with similar accuracy, better than the GFZC2 ones. The RMS values for the CLK92 orbits are within 23, 15, and 7 cm in the along, cross, and radial components, respectively, which are no more than 38, 19, and 14 cm, respectively for the GFZC2 orbits.



Figure 3 shows the averaged RMS values of the differences between IGS-RT orbits and GFZ final orbits for GPS, GLONASS, Galileo, and BDS satellites in the along, cross, and radial components, respectively. It can be seen that CLK01 provides the highest accuracy of both GPS and GLONASS satellite orbits. The averaged RMS values for the CLK01 GPS orbits are about 4.00, 2.12, and 1.34 cm in the along, cross, and radial components, respectively, which are about 9.15, 4.30, and 2.99 cm for the CLK01 GLONASS orbits. The GPS and GLONASS orbits offered by CLK81 show similar accuracy with those offered by CLK92, and they are both less accurate than the CLK01 orbits. The GPS and GLONASS orbits obtained from GFZC2 show the lowest accuracy. The averaged RMS values for GPS are 15.13, 12.92, and 5.61 cm in along, cross, and radial components, respectively, and for GLONASS they are 9.50, 13.67, and 5.85 cm.


Figure 3. Averaged RMS values of the differences between IGS-RT orbits and GFZ final orbits for GPS, GLONASS, Galileo, and BDS satellites in the along (a), cross (b), and radial (c) components, respectively.
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The Galileo orbits from CLK92 show a better accuracy of 8.31, 4.66, and 2.68 cm in the three components, respectively, compared to those from GFZC2 and GFZD2. For BDS satellites, the orbit accuracy of BDS GEO satellites is much lower than that of IGSO and MEO. This could be due to the fact that the GEO satellites do not move significantly with respect to the ground stations, resulting in a rather weak geometrical constellation. Meanwhile, low elevation of the satellites’ signals tracked at several stations far away from Asia-Pacific region and constant multipath error also have negative impact on orbit accuracy. Currently, the RT GEO orbits derived from any ACs are not reliable. The GFZD2 offer the best orbit accuracy of BDS IGSO satellites, where the averaged RMS values are about 24.98, 27.54, and 10.48 cm in the along, cross, and radial components, respectively. The accuracy of BDS MEO satellite orbits offered by CLK92 is comparable to that by GFZD2. The CLK92 MEO orbits reveal averaged accuracies of 17.13, 9.68, and 4.48 cm in the three components, respectively, while the accuracies for the GFZD2 MEO orbits are about 34.05, 17.23, and 7.23 cm, respectively. The averaged RMS values of the differences between IGS-RT orbits and GFZ final orbits for the four systems are also summarized in Table 3.



Table 3. The averaged RMS values of the differences between IGS-RT orbits and GFZ final orbits for GPS, GLONASS, Galileo, and BDS.







	
IGS-RT Service

	
TYPE

	
Along (cm)

	
Cross (cm)

	
Radial (cm)






	
CLK01

	
GPS

	
4.00

	
2.12

	
1.34




	
GLONASS

	
9.15

	
4.30

	
2.99




	
CLK81

	
GPS

	
6.46

	
3.65

	
1.83




	
GLONASS

	
8.70

	
6.06

	
2.83




	
CLK92

	
GPS

	
6.54

	
6.34

	
3.00




	
GLONASS

	
9.69

	
7.81

	
2.99




	
Galileo

	
8.31

	
4.66

	
2.68




	
BDS GEO

	
59.79

	
43.33

	
28.97




	
BDS IGSO

	
50.22

	
24.74

	
16.58




	
BDS MEO

	
17.13

	
9.68

	
4.48




	
GFZC2

	
GPS

	
15.13

	
12.92

	
5.61




	
GLONASS

	
19.50

	
13.67

	
5.85




	
Galileo

	
29.56

	
13.67

	
9.44




	
BDS GEO

	
65.83

	
12.90

	
14.63




	
BDS IGSO

	
22.02

	
40.96

	
25.28




	
BDS MEO

	
34.05

	
17.23

	
7.23




	
GFZD2

	
GPS

	
10.56

	
9.77

	
3.89




	
GLONASS

	
13.68

	
9.57

	
4.04




	
Galileo

	
14.31

	
13.60

	
8.56




	
BDS GEO

	
60.37

	
15.70

	
14.47




	
BDS IGSO

	
24.98

	
27.54

	
10.48




	
BDS MEO

	
16.00

	
10.95

	
4.40










Afterwards, the GFZ final clock products are employed as reference to assess the quality of the multi-GNSS RT clocks offered by CLK01, CLK81, CLK92, GFZC2, and GFZD2. In general, the standard derivation (STD) is equal to the RMS since the removed mean biases can be absorbed by ambiguity items. Here, the STD value will be taken as the indicator for evaluating the clock quality. The STD values of the differences between the IGS-RT clocks and the GFZ final clocks for the four systems (i.e., GPS, GLONASS, Galileo, and BDS) are illustrated in Figure 4.


Figure 4. STD values of differences between IGS-RT clocks and the GFZ final clocks for each satellite from GPS (a), GLONASS (b), BDS and Galileo (c).
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As can be seen from Figure 4, the RT GPS satellite clocks agree well with the GFZ final clocks, in particular for those provided by CLK92, whose STD values are generally less than 0.15 ns. The clock accuracies of GPS satellites are around 0.2 ns for the CLK01 and CLK82, while GFZC2 and GFZD2 provide the RT GPS clocks with the accuracy of about 0.3 ns. For GLONASS satellites, the STD values of the difference between RT CLK01 clocks and the GFZ final clocks are 0.22 ns or so, which is the best among those RT GLONASS clocks. The STD values for CLK92 GLONASS clocks range from 0.3 to 0.4 ns, while those for GFZC2 and GFZD2 clocks are between 0.2 and 0.4 ns. Additionally, the accuracy of RT GLONASS satellite clocks provided by CLK81 is comparable to that by CLK92.



The Galileo clocks derived from CLK92 provide a higher accuracy of between 0.1 and 0.25 ns than those of around 0.5 ns from GFZC2 and GFZD2. The STD value for BDS GEO satellite clocks from CLK92 can reach about 0.4 ns. For BDS IGSO and MEO satellites, a better clock accuracy of 0.2 to 0.6 ns can be obtained for GFZD2 compared to those for CLK92 and GFZC2.



Figure 5 illustrates the averaged STD values of the differences between the IGS-RT clocks and the reference clocks for each system. In general, the GPS clocks fit the best with the GFZ final clocks, while the GLONASS clocks reveal a slightly worse agreement. Compared to RT GLONASS clocks, the relatively lower clock accuracy for Galileo and BDS could be attributed to the currently uncompleted constellation, as well as the limited number of available tracking stations. However, the quality of the BDS and Galileo products is expected to be improved in the future with more satellites in orbit, a more densified tracking network, and the enhanced availability of more accurate parameters in the space segment [32].


Figure 5. The averaged STD values of the differences between the IGS-RT clocks and the reference for GPS, GLONASS, Galileo, and BDS.
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For GPS satellites, the RT clocks offered by CLK92 show the highest accuracy, while those by GFZC2 and GFZD2 present the worst accuracy. The averaged STD values of all GPS satellites are about 0.16, 0.20, 0.12, 0.26 and 0.24 ns for CLK01, CLK81, CLK92, GFZC2 and GFZD2, respectively. For the GLONASS satellites, the averaged STD values for CLK01 and CLK81 clocks are about 0.22 and 0.24 ns, respectively, while the GLONASS clocks provided by CLK92 reveal an averaged STD of 0.35 ns. The accuracies for both the GFZC2 and GFZD2 GLONASS clocks are about 0.29 ns.



As for the Galileo satellites, the CLK92 clocks achieve a higher accuracy compared to GFZC2 and GFZD2. The averaged accuracies are about 0.22, 0.55, and 0.42 ns for the CLK92, GFZC2, and GFZD2 clocks, respectively. For the BDS satellites, the clocks derived from GFZD2 show the best accuracy in comparison with those from CLK92 and GFZC2. The averaged STD values of all BDS satellites are about 0.57, 0.56, and 0.44 ns for the CLK92, GFZC2, and GFZD2 clocks, respectively.



In summary, the quality of real-time products provided by these RT services is different from each other. This may be related to the different processing strategies and different observation streams of real-time precise orbit determination (POD) and precise clock estimation (PCE) adopted by various analysis centers. They are improving their models and strategies for better quality of real-time products.




4.2. ZTD Validation with the Final Tropospheric Products


Based on the IGS-RT multi-GNSS orbit and clock products, the operational RT ZTD can be retrieved. In this section, we investigate and compare the impact of different systems, different multi-GNSS combination and different positioning modes (i.e., fixing coordinate and kinematic modes) on the performance of the multi-GNSS RT ZTD estimates [8]. By processing observation data from the selected 30 tracking stations equipped with the four-system receivers as described in Section 2, the RT ZTD estimates are obtained every five seconds during the time period from March 28 to April 11 2017. The final troposphere products provided by the U.S. Naval Observatory (USNO) are taken as the reference data sets here. The USNO products with the sampling rate of five minutes are generated by using PPP with the IGS final orbit/clock products [33].



Figure 6 shows the RT ZTD results at station ONS1 (Onsala, Sweden, 57.39° N, 11.92° E) for different IGS-RT services with processing the GPS-only, the combined GPS/GLONASS, and the combined GPS/GLONASS/Galileo/BDS observations in fixing coordinate and kinematic processing modes over the first two hours of DOY 090, 2017. From Figure 6, we can clearly see that, for either fix coordinate or kinematic positioning mode, there is no big difference between the RT ZTDs derived from different IGS-RT services after 40 min, no matter which of the multi-GNSS combination are employed.


Figure 6. RT ZTD estimates at station ONS1 derived from the GPS-only (“GPS”, a), the combined GPS/GLONASS (“G/R”, b), and the combined GPS/GLONASS/Galileo/BDS (“G/R/E/C”, c) solutions in fixing coordinate (left panels) and kinematic processing (right panels) modes by employing different IGS-RT service over the first 2 h of DOY 090, 2017.
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In the GPS-only solution with fixinTg the coordinates, the shortest convergence time of less than five minutes for RT ZTD estimates can be achieved by GFZC2 and GFZD2 compared to that of about eight minutes for other IGS-RT services [8]. In contrast, the results in the kinematic mode exhibit longer convergence period and worse stability than those in the fixing coordinate mode. For example, the initial convergence time of RT ZTDs for GFZC2 and GFZD2 in the kinematic mode is about ten minutes. With introducing more GNSS observations, the performance of ZTD estimates can be improved in the combined GPS/GLONASS and GPS/GLONASS/Galileo/BDS solutions compared to the GPS-only one, especially for the convergence time in kinematic positioning mode. Similar to the GPS-only case, the GFZC2 and GFZD2 provide the best results of RT ZTDs in the combined solutions.



By using different IGS-RT service and different combination of multi-GNSS observations in the fixing coordinate mode, we provide the averaged initial convergence time of RT ZTDs for all stations as summarized in Figure 7. The initialization process is considered to be completed when the differences between the estimated RT ZTDs and the post-processed USNO ZTDs become and remain smaller than a given value, which is set to be 20 mm here following the mean of the threshold and goal value of ZTD for weather nowcasting [34]. With the increased number of observations, the initialization time for the dual-system combination (GPS/GLONASS) and the four-system combination (GPS/GLONASS/Galileo/BDS) become shorter than that for the single-system solution (GPS-only). In addition, the results for GFZC2 and GFZD2 outperform those for the other three services (i.e., CLK01, CLK81, and CLK92) in each solution. Based on the GFZC2 products, the averaged initialization time of RT ZTDs can reach about 522 s (8.7 min), 492 s (8.2 min), and 480 s (8.0 min) in the GPS-only, dual-system (GPS/GLONASS), and the four-system (GPS/GLONASS/Galileo/BDS) solutions, respectively. Compared to the GPS-only solution, the initialization time for GFZC2 can be improved by about 5.8% and 8.1% with the dual-system and the four-system combinations, respectively. The averaged initialization time for the CLK92 RT products are 570 s (9.5 min), 522 s (8.7 min), and 510 s (8.5 min) for the GPS-only, the combined GPS/GLONASS, and the combined GPS/GLONASS/Galileo/BDS solutions, respectively, and the improvements of the dual-system and the four-system combined solutions to the GPS-only solution are about 8.4% and 10.5%, respectively. The averaged initialization time for different IGS-RT service in the single-system, the dual-system, and the four-system solutions with fixing coordinate are listed in Table 4.


Figure 7. Averaged initialization time for all stations from the GPS-only, the combined GPS/GLONASS, and the combined GPS/GLONASS/Galileo/BDS four-system solutions with different IGS-RT service in the fixing coordinate modes.



[image: Remotesensing 09 01317 g007]






Table 4. Averaged initialization time (unit:s) for different IGS-RT service from the single-system, the dual-system, and the four-system solutions in the fixing coordinate mode.







	
Solution

	
CLK01 (s)

	
CLK81 (s)

	
CLK92 (s)

	
GFZC2 (s)

	
GFZD2 (s)






	
GPS

	
588

	
600

	
570

	
522

	
540




	
GPS/GLONASS

	
540

	
552

	
522

	
492

	
510




	
GPS/GLONASS/Galileo/BDS

	
-

	
-

	
510

	
480

	
498










In order to evaluate the accuracy of RT ZTD estimates, their differences between the USNO final ZTD values are taken into account at each common epoch after the convergence. This will avoid the potential errors caused by the temporal interpolation of troposphere products. By processing GNSS observations on DOY 090, 2017 in the fixing coordinate mode, the accuracy of the estimated RT ZTDs derived from the five RT services are illustrated in Figure 8 for the GPS-only, the combined GPS/GLONSS, and the combined GPS/GLONASS/Galileo/BDS solutions, respectively.


Figure 8. Differences of the RT ZTD in the fixing coordinate mode, derived from the GPS-only (a), the combined GPS/GLONSS (b), and the combined GPS/GLONASS/Galileo/BDS (c) solutions, with the USNO final troposphere products on DOY 090, 2017 at station ONS1.
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In the case of GPS-only, the results for CLK81 show the largest deviations with respect to the USNO final ZTD, which is followed by those for GFZD2. The CLK01 results agree slightly better with the final ZTD, compared to the CLK81 ones, while the best agreement can be obtained based on the GFZC2 products, with less noise and fewer outliers. In the combined GPS/GLONASS and GPS/GLONASS/Galileo/BDS solutions, the GFZC2 results also agree the best with the USNO final ZTD, followed by CLK92, while the GFZD2 results reveal the largest deviations. Besides, a better agreement between the improved ZTD estimates and the reference values can be achieved in the combined GPS/GLONASS/Galileo/BDS ZTDs compared to the GPS-only ZTDs, which confirms the superiority of multi-GNSS again. Figure 9 illustrates the comparison between the RT ZTD and the USNO final ZTD products at station ONS1 in the kinematic mode for the single-, dual-, and four-system solutions. Compared to the fixing coordinate mode, the RT ZTD estimates in the kinematic mode present much larger deviations and more noise with respect to the final ZTD.


Figure 9. Differences of the RT ZTD in the kinematic mode, derived from the GPS-only (a), the combined GPS/GLONSS (b), and the combined GPS/GLONASS/Galileo/BDS (c) solutions, with the USNO final troposphere products on DOY 090, 2017 at station ONS1.
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The RMS values of the ZTD differences from the three solutions in the fixing coordinate and the kinematic modes with respect to the USNO final tropospheric products at station ONS1 on DOY 092, 2017 are shown in Figure 10. Generally, the RT ZTDs retrieved in the fixing coordinate mode show much higher accuracy in comparison with those in the kinematic mode. Besides, better ZTD estimates can be achieved in the combined GPS/GLONASS and GPS/GLONASS/Galileo/BDS solutions, compared to the GPS-only solution. As mentioned previously, the GFZC2 provides the best RT ZTD results for all the three solutions in both fixing coordinate and kinematic modes. In the fixing coordinate mode, the RMS value for the GPS-only solution is about 7.9 mm, while the values are about 7.5 mm and 7.3 mm for the combined GPS/GLONASS and the combined GPS/GLONASS/Galileo/BDS solutions, respectively. However, the RMS values for the three solutions are much larger in the kinematic mode, which are about 16.5, 15.0, and 15.1 mm, respectively.


Figure 10. RMS values of the ZTD differences from the GPS-only (“G”), the combined GPS/GLONASS (“G/R”), and the combined GPS/GLONASS/Galileo/BDS (“G/R/E/C”) solutions in the fixing coordinate (a) and the kinematic (b) modes with respect to the USNO final tropospheric products at station ONS1 on DOY 092, 2017.
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Figure 11 presents the averaged RMS of the RT ZTD differences for all stations during the whole period (DOY 84-101, 2017) in both the fixing coordinate and the kinematic modes. Generally, the RT ZTDs retrieved in the fixing coordinate mode show much higher accuracy compared to those in the kinematic mode and the advantage of multi-GNSS is also obvious in this case. Compared to the other IGS-RT service, the RT ZTD of GFZC2 shows the highest accuracy for each solution in both the fixing coordinate and the kinematic modes. The averaged RMS values of GFZC2 ZTDs are about 6.50, 5.04, and 5.06 mm in the fixing coordinate mode for the GPS-only, the combined GPS/GLONASS, and the combined GPS/GLONASS/Galileo/BDS solutions and about 14.73, 13.57, and 13.74 mm in the kinematic mode. Consequently, the improvement in the accuracy of the real-time estimated ZTDs can reach about 22.2% due to introducing multi-GNSS observables compared to the GPS-only solution. For the multi-GNSS real-time retrieving tropospheric delays, the ZTD accuracy in the fixing coordinate mode can be improved by a factor of approximately 2.7 in comparison to that in the kinematic mode. The RMS values of the CLK81 ZTD estimates for the GPS-only and the combined GPS/GLONASS solutions are about 13.61 and 11.39 mm, respectively, in the fixing coordinate mode, and about 33.50 and 25.57 mm, respectively, in the kinematic mode. In the combined GPS/GLONASS/Galileo/BDS solution, the RMS values for the GFZD2, CLK92 and GFZC2 RT ZTDs are about 9.46, 6.16, and 5.06 mm, respectively, in the fixing coordinate mode, and about 20.32, 14.39, and 13.74 mm, respectively, in the kinematic mode. The related RMS statistics are listed in Table 5.


Figure 11. Averaged RMS and STD values of the RT ZTD differences for all stations during the whole period (DOY 84-101, 2017) in both the fixing coordinate (a) and the kinematic modes (b).
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Table 5. Statistical results of the RT ZTD differences for the fixing coordinate and the kinematic modes (unit: mm).







	
IGS Service

	
Solution

	
Fix Coordinate Mode

	
Kinematic Mode




	
RMS

	
STD

	
RMS

	
STD






	
CLK01

	
G

	
9.80

	
5.78

	
18.21

	
18.00




	
G/R

	
8.92

	
4.83

	
14.31

	
13.66




	
CLK81

	
G

	
13.61

	
12.73

	
33.50

	
32.97




	
G/R

	
11.39

	
10.44

	
25.57

	
25.21




	
CLK92

	
G

	
7.70

	
4.85

	
17.94

	
17.13




	
G/R

	
6.18

	
3.46

	
14.64

	
13.01




	
G/R/E/C

	
6.16

	
3.45

	
14.39

	
12.70




	
GFZC2

	
G

	
6.50

	
5.32

	
14.73

	
14.11




	
G/R

	
5.04

	
3.94

	
13.57

	
13.45




	
G/R/E/C

	
5.06

	
3.97

	
13.74

	
12.60




	
GFZD2

	
G

	
10.81

	
10.84

	
23.40

	
23.41




	
G/R

	
9.67

	
9.69

	
20.40

	
21.42




	
G/R/E/C

	
9.46

	
9.48

	
20.32

	
21.32












5. Discussion


With the rapid development of GNSS, more researchers have been investigating its applications in meteorology. Most of these previous studies only involve both post-processing and near-RT modes [4,5,6]. However, sufficient information of the atmosphere state should be delivered with short or even no latency for some innovative applications, such as nowcasting and short-term weather forecasting. Different from previous studies, we focus on the actual real-time retrieving of tropospheric delays in this paper. To achieve this, the real-time satellite clock and orbit products and multi-GNSS data streams are required. In Section 4.1, we assessed the quality of the real-time products derived from various operating IGS services. As shown in Figure 3 and Figure 5, the real-time orbit and clock accuracies for emerging BDS and Galileo satellites are still not comparable to those for GPS and GLONASS satellites. Moreover, the lower accuracy of Galielo and BDS ephemerides doses not directly translate to ZTD results, what is seen in Table 5 where the results for G/R and G/R/E/C are very similar. The qualities of real-time products for BDS and Galileo are expected to be further improved with the setup of more GNSS tracking ground stations in the future.



Based on real-time orbit and clock products and data streams, the real-time tropospheric parameters can be estimated by using the real-time PPP technology. In Section 4.2, we evaluate the accuracy of real-time ZTDs comparing with the final tropospheric products for the different solutions. The results confirm that the performance of real-time retrieving tropospheric delays can be improved due to the fusion of multi-GNSS compared to the single-system constellation. In addition, we also demonstrate that the fixing coordinate mode is more suitable for extracting real-time ZTD estimates based on real-time products derived from different IGS-RT services. In the multi-GNSS solution, the ZTD accuracy in the fixing coordinate mode can be improved by a factor of approximately 2.7 in comparison to that in the kinematic mode.



With the launch of more new satellites and setup of more ground GNSS stations, the quality of real-time orbit and clock products provided by IGS-RT services will be improved, especially for BDS and Galileo. Consequently, the real-time retrieved ZTDs with higher accuracy can be achieved by using multi-GNSS real-time PPP technology.




6. Conclusions


In this study, we at first assessed the accuracy of the multi-GNSS orbit and clock solutions from different IGS-RT services, comparing with GFZ final orbit and clock products. Then, we fully exploited the available multi-GNSS observations to validate the method of RT atmospheric parameter retrieving based on different IGS-RT orbit and clock services. Furthermore, we have conducted a detailed analysis of the initialization time and accuracy of the retrieved RT ZTD estimates by using the USNO products as a reference.



In terms of the accuracy of RT orbits, the results show that for the GPS satellites, the RMS values of the differences between IGS-RT orbits and GFZ final orbits are generally better than 5 cm in radial and cross-track directions, and better than 10 cm in along-track direction. For the GLONASS satellites, the RMS values are generally better than 8 cm in radial and cross-track directions, and better than 12 cm in along-track direction which is slightly worse than the GPS orbit accuracy. For the BDS IGSO satellites, GFZD2 has the best orbit accuracy, for the BDS MEO satellites, CLK92 and GFZD2 have comparable orbit accuracies, better than that for GFZC2. Additionally, the results for the RT clocks show that the GPS clock has the highest accuracy comparing with the other system clocks. CLK92 has the highest GPS clock accuracy which is about 0.12 ns. CLK01 has the highest GLONASS clock accuracy which is about 0.22 ns. CLK92 has the highest Galileo clock accuracy which is about 0.22 ns. GFZD2 has the highest BDS clock accuracy which is about 0.44 ns.



As for the RT ZTD estimates, the results reveal that the initialization process can be accelerated in the fixing coordinate mode comparing with that in the kinematic positioning mode. By fully exploiting multi-GNSS observables, the convergence time of the real-time estimated ZTDs can be decreased by about 8.1% compared to the GPS-only solution. In the combined GPS/GLONASS/Galileo/BDS solution for different IGS-RT services, the shortest initialization time of around 480 s has been achieved for the retrieved RT ZTD estimates in the case of GFZC2. The averaged accuracy of the RT ZTD estimates for all available stations can be improved to about 5.06 mm in the multi-GNSS solution with fixing station coordinates. Owing to the addition of multi-GNSS observables, the improvement in the accuracy of the real-time estimated ZTDs can reach about 22.2% compared to the GPS-only solution. For the multi-GNSS real-time retrieving tropospheric delays, the ZTD accuracy in the fixing coordinate mode can be improved by a factor of approximately 2.7 in comparison to that in the kinematic mode.
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