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Abstract:



This paper proposes a new Asian single site tropospheric correction model called the Single Site Improved European Geostationary Navigation Overlay Service model (SSIEGNOS) by refining the European Geostationary Navigation Overlay Service (EGNOS) model at a single site. The performance of the SSIEGNOS model is analyzed. The results show that (1) the bias and root mean square (RMS) error of zenith tropospheric delay (ZTD) calculated from the EGNOS model are 0.12 cm and 5.87 cm, respectively; whereas those of the SSIEGNOS model are 0 cm and 2.52 cm, respectively. (2) The bias and RMS error show seasonal variation in the EGNOS model; however, little seasonal variation is observed in the SSIEGNOS model. (3) The RMS error decreases with increasing altitude or latitude in the two models; however, no such relationships were found in the bias. In addition, the annual predicted bias and RMS error in Asia are −0.08 cm and 3.14 cm for the SSIEGNOS model, respectively; however, the EGNOS and UNB3m (University of New Brunswick) models show comparable predicted results. Relative to the EGNOS model, the annual predicted bias and RMS error decreased by 55% and 48%, respectively, for the SSIEGNOS model.
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1. Introduction


Tropospheric delay is the dominant error source in Global Navigation Satellite System (GNSS) technologies, which can be as high as approximately 2 m in the zenith direction for the propagating radio signal. This error becomes higher as the propagating direction deviates from the zenith towards the horizon direction and can reach approximately 20 m at the horizon direction [1]. Therefore, tropospheric delay must be effectively corrected when used for real-time GNSS navigation and positioning, especially when applied in GNSS real-time precise point positioning techniques [2,3]. In addition, Tropospheric delay is an important parameter in tropospheric tomography and GNSS meteorology [4,5,6,7]. Empirical tropospheric correction models, such as the Hopfield model and Saastamoinen model, can be used to calculate the tropospheric delay at arbitrary sites based on the provided meteorological data. However, both models require real-time meteorological parameters for the calculations because using standard meteorological parameters results in poor accuracy. Thus, it is obvious that they cannot satisfy real-time tropospheric delay correction for space geodetic techniques.



In recent years, an effective method to calculate the zenith tropospheric delay (ZTD) has been generated using the National Center for Environmental Prediction (NCEP) reanalysis data or the European Center for Medium-range Weather Forecasts (ECMWF) reanalysis data [8,9,10,11]. A number of studies have been conducted to assess the ZTD derived from reanalysis datasets. For example, Chen et al. [12,13] assessed the feasibility and accuracy of the ECMWF/NCEP data for tropospheric delay correction in China and Asia. The research results demonstrated that the ECMWF reanalysis datasets exhibited a higher accuracy than the NCEP reanalysis datasets when used to calculate the ZTD. Similarly, several tropospheric models have been developed using ECMWF or NCEP datasets in North America and the European Union. For instance, Collins et al. [14] introduced the UNB3 (University of New Brunswick) model, which considers the major changes in water vapor profiles with latitude; it has been widely applied in the Wide Area Augmentation System (WAAS) in the United States. In North America, the bias is as high as 20 cm for the ZTD derived from UNB3 model, with a mean bias of approximately 2 cm. Krueger et al. [15] established a TropGrid model with the NCEP datasets, which takes annual and diurnal variations for variables such as temperature into account, resulting in a root mean square (RMS) error of the ZTD of 3.8 cm. Schuler [16] developed the TropGrid2 version by improving the former TropGrid model; however, the new version is only marginally (1 mm) more accurate than the old version on a global scale. Lagler et al. [17] developed a new model, GPT2, to improve the Global Pressure Temperature (GPT) [18]. GPT2 is based on a more precise ECMWF ERA-Interim, and takes semi-annual variation into consideration, which can provide pressure, temperature, and other key tropospheric parameters. Boehm et al. [19] proposed an improved model, GPT2w, which adds the water vapor lapse rate and weighted mean temperature (Tm) and improves horizontal resolution compared to GPT2. In addition, Li et al. [1] built a global ZTD model (named the IGGtrop model) using NCEP reanalysis data, which shows a higher accuracy than the UNB3 and UNB3m models. Yao et al. [20,21] proposed several global ZTD models based on the ECMWF ERA-Interim. New models present a higher accuracy in global terms.



Similar to the UNB3 model, the European Union recommended the European Geostationary Navigation Overlay Service (EGNOS) model, which was also derived from ECMWF datasets [22]. The EGNOS model has been largely applied in the United States and the European Union for the WAAS, and its performance has been investigated in both North America and Europe, with maximum RMS errors ranging from 13.2 to 17.8 cm [23]. These empirical models, such as EGNOS and UNB series models, present higher mean correction global accuracy.



Extensive investigations have been conducted to evaluate the ZTD derived from multi-techniques. For example, Bock et al. [24] and Teke et al. [25] indicated that the ZTDs derived from GPS and Doppler Orbitography and Radio-positioning Integrated by Satellite (DORIS) exhibited a higher correlation coefficient. Similar studies published by Wei et al. [26] and Ning et al. [27] showed that the ZTDs from GPS and Very Long Baseline Interferometry (VLBI) display strong agreement, with a correlation coefficient higher than 0.87. In addition, space geodetic techniques, such as GNSS, VLBI, and DORIS, are affected by the same tropospheric delays when considering the height differences at co-located sites [28]. Recently, the multi-techniques, such as GNSS, VLBI, and DORIS, have been largely applied in real time precise orbit determination of satellites or aircrafts [29,30]. For example, the successful running of the China Chang’E series aircrafts is mainly dependent on the precise orbits [31]. Because the precise orbit is related to the precise tropospheric correction in data processing of space techniques, it is therefore extremely important to improve the precision of empirical models, such as the EGNOS and UNB series models, for real-time tropospheric correction at each of the GNSS, VLBI, and DORIS stations at regional scales. Nowadays, there are about 25 VLBI sites and 13 DORIS sites were established in Asia (http://ggosatm.hg.tuwien.ac.at/products.html); the number of stations at co-located international GNSS service (IGS) sites is increasing. In addition, the precise zenith tropospheric correction in data processing of VLBI, or a combination of VLBI and GNSS, can lead to an improvement in station coordinates repeatability [32,33,34] and especially to an improvement in station height [35]. The main purpose of this paper is to refine the EGNOS model at a single site using the IGS ZTD data of Asia and to establish a Single Site Improved European Geostationary Navigation Overlay Service model (named the SSIEGNOS model) that can function without any meteorological data.




2. Determination of the SSIEGNOS Model


2.1. Data Sources


The EGNOS tropospheric correction model was constructed by the European Geostationary Navigation Overlay Service. Without any real measured meteorological parameters to calculate the ZTD, it only relies on the pressure, temperature, water vapor pressure, temperature gradient, and water vapor pressure gradient. The functions in the EGNOS model are described in Penna et al. [23].



In this paper, we utilize the ZTD data from 2008–2012, observed from 46 IGS sites distributed in Asia (ftp://cddis.gsfc.nasa.gov/pub/gps/products/), with a temporal resolution of 5 min and an approximately 4 mm calculating accuracy of the ZTD [36,37]. The study area approximately covers the area from 10° N~63° N in latitude and 30° E~160 °E in longitude. The locations of the IGS sites are shown in Figure 1.


Figure 1. Distribution of the IGS sites in Asia. The abscissa represents longitude, and the ordinate represents latitude.
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2.2. Establishment of the SSIEGNOS Model


In this study, the ZTD data from 2008–2010 observed from 46 IGS sites distributed in Asia are regarded as the reference values. The annual mean values and seasonal variation values of the five meteorological parameters of the EGNOS model can be calculated, as described in Penna et al. [23]. Three years of daily biases of the ZTD, derived from the EGNOS model, were obtained by comparison with the reference ZTD values. An obvious phenomenon is detected from the spectral analysis for the ZTD daily bias using fast Fourier transformation; the variation of daily bias exhibits an annual cycle at the sites located lower than 30 degrees latitude in Asia. However, an annual cycle and a semi-annual cycle are shown at the sites higher than 30 degrees latitude in Asia. The results of the spectral analysis among all 6 of the IGS sites in Asia are shown in Figure 2. Figure 2 shows that the daily bias can be approximately expressed by the cosine function, according to the following formula:
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(1)




where t and[image: there is no content] are the day of year and daily bias (which are treated as known parameters); [image: there is no content] is the annual mean bias; [image: there is no content] and [image: there is no content] are the amplitudes of the annual and semi-annual component, respectively; [image: there is no content] and [image: there is no content] are the phases of the annual and semi-annual components, respectively;[image: there is no content] and [image: there is no content](t) are the residuals; and [image: there is no content] is the site’s latitude. The unknown parameters ([image: there is no content],[image: there is no content],[image: there is no content], [image: there is no content], and [image: there is no content]) in Equation (1) are estimated based on the nonlinear least squares method using three years of daily bias data at each IGS site.


Figure 2. Variation of the daily bias and spectral analysis based on Fourier transformation at IISC, LHAZ, WUHN, GMSD, POL2 and NOVM sites in 2008–2010. The latitude, longitude, and altitude of each site are listed in the brackets.
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As analyzed above, the formula of the SSIEGNOS model can be expressed as follows:


[image: there is no content]



(2)




where [image: there is no content] denotes the ZTD derived from the EGNOS model; [image: there is no content] is the ZTD correction value of the EGNOS model, which can be calculated by Equation (1); and [image: there is no content] is the ZTD derived from the SSIEGNOS model.





3. SSIEGNOS Model Validation


As analyzed in Section 2, the ZTD biases between IGS, ZTD, and ZTD derived from EGNOS present obvious annual cycles and a semi-annual cycles. So, the ZTD biases can be modeled using the cosine or sinusoidal function, and the SSIEGNOS model can also be developed. In this section, to validate the SSIEGNOS model, the ZTD data from 2008–2010, obtained from 46 IGS sites distributed in Asia, are treated as the reference values. The results are compared with those of the EGNOS model. The accuracy and stability of the newly proposed SSIEGNOS and another two models are assessed using two indices: bias, the error between the model values and the reference values; and RMS, the accuracy and stability of the model. The bias and RMS error of the temporal and spatial distribution characteristics are analyzed. The formulas for bias and RMS as follows:
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(3)
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(4)




where [image: there is no content] is the value calculated by the EGNOS and SSIEGNOS models,[image: there is no content] is the reference value derived from the IGS tropospheric products, and N is the number of ZTD calculations.



3.1. The Temporal Variation of the Bias and RMS Error


3.1.1. Variation of the Daily Bias and RMS Error


To analyze the variation of the daily bias and RMS error of the SSIEGNOS and EGNOS models, the bias and RMS error at each site were analyzed for each day. Figure 3 shows the variation of the daily bias and RMS error of the SSIEGNOS and EGNOS models at sites IRKJ (Northern Asian), CHUM (Western Asian), TSK2 (Eastern Asian), and CUSV (Southern Asian), respectively. The bias and RMS error at other sites presented similar characteristics.


Figure 3. Variation of the daily bias and RMS in 2008–2010 at sites IRKJ, CHUM, TSK2, and CUSV for the EGNOS and SSIEGNOS models. The black line represents EGNOS model and the red line represents SSIEGNOS model.
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Figure 3 shows an obvious cyclic behavior in the daily bias and RMS error in the EGNOS model, reaching maximum values in summer. We also find that the daily bias and RMS error at the CHUM site (located in western Asia) has lower variation relative to the other sites. Moreover, the TSK2 site is located on the border of the ocean and the land and thus presents larger amplitudes of bias and RMS error in eastern Asia, due to the effect of the maritime climate and the dramatic changes in atmospheric water vapor. Greater variation is also observed in summer at the CUSV site, which is adjacent to the low-latitude area of southern Asia and is mainly affected by tropical and maritime climate regimes. The SSIEGNOS model shows stable and small variation in terms of the bias and RMS error; smaller fluctuations are observed in the summer over eastern and southern Asia. Overall, these results show a remarkable correction result from the EGNOS model.




3.1.2. Variation of the Monthly Bias and RMS Error


In order to analyze the monthly variation of the bias and RMS for the SSIEGNOS and EGNOS models, three years of bias and RMS at 46 sites, from 2008 to 2010, are used for monthly and seasonal statistics. The statistical results are shown in Figure 4 and Table 1.


Figure 4. Variation of the monthly bias and RMS error in 2008–2010 over Asia. Yellow bars and red bars indicate the bias and RMS error of the EGNOS model and SSIEGNOS model, respectively.
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Table 1. Seasonal variation of the bias and RMS error of the EGNOS and SSIEGNOS models in 2008–2010 over Asia (Unit: cm).







	
Season

	
EGNOS

	
SSIEGNOS




	
Bias

	
RMS

	
Bias

	
RMS






	
Spring

	
2.27

	
5.02

	
0.05

	
2.42




	
Summer

	
−4.29

	
6.55

	
0.10

	
2.60




	
Autumn

	
−0.05

	
5.56

	
0.01

	
3.06




	
Winter

	
2.86

	
4.61

	
0.23

	
2.30










Figure 4 shows obvious seasonal variation of the bias and RMS error for the EGNOS model. The bias and RMS error have larger values in summer and relatively lower variation in other seasons. A negative maximum bias occurs in August due to the effect of the changeable atmospheric water vapor. The SSIEGNOS model also shows that the monthly bias and RMS error are irregular in all months, with lower overall variation. Hence, the SSIEGNOS model can achieve an outstanding correction result compared with the EGNOS model.



Table 1 shows that, in the EGNOS model, the maximum bias occurs in summer and the minimum bias occurs in autumn. The RMS error also reaches a maximum in summer and a minimum in winter. In the SSIEGNOS model, the maximum bias occurs in winter and the minimum occurs in autumn, whereas the RMS error reaches a maximum in autumn and a minimum in winter. In addition, it presents a stable variation in all seasons.




3.1.3. Variation of the Annual Bias and RMS Error


Three years of bias and RMS error from 2008 to 2010 at 46 sites are used to analyze the annual statistics of the EGNOS and SSIEGNOS models. The distributions of the annual bias and RMS error of the EGNOS and SSIEGNOS models are presented in Figure 5. Figure 5 suggests that the annual bias and RMS error have larger variation in eastern and southern Asia and relatively smaller variation in western and northern Asia in the EGNOS model. In the SSIEGNOS model, the bias and RMS error display lower variation over Asia, especially in the western and high-latitude areas of northern Asia, where the RMS error is lower than 2 cm, which suggests that the SSIEGNOS model can be applied to study the high precision zenith tropospheric delay in these areas. Compared with ZTD derived from the IGS center, the precision of ZTD calculated from the SSIEGNOS model is better than that of the EGNOS model over Asia. In the SSIEGNOS model, the bias and RMS error are 0.00 cm and 2.52 cm, respectively, whereas those of the EGNOS model are 0.12 cm and 5.87 cm, respectively. Therefore, relative to the EGNOS model, the absolute bias and RMS error of the SSIEGNOS model are decreased by 99% and 62% at sites lower than 30 degrees latitude, respectively, and decreased by 99% and 54% at sites higher than 30 degrees latitude, respectively, with an overall decrease of 99% and 57% in Asia, respectively. These results indicate that the SSIEGNOS model has a significantly superior correction ability relative to the EGNOS model in Asia, especially in the low-latitude areas. In addition, we also find that the annual RMS error of the SSIEGNOS and EGNOS models decreases with increasing latitude. This finding will be further studied in the following section.


Figure 5. Distribution of annual bias and RMS error of the EGNOS and SSIEGNOS models from 2008–2010 over Asia. The color denotes the magnitude of the annual bias and RMS error.
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3.2. Spatial Characteristics of Annual Bias and RMS Error


3.2.1. Relations between the Altitude and the Annual Bias and RMS Error


The ZTD variation is complex due to the strong correlation between ZTD and altitude over the fluctuating terrain of Asia. In order to investigate the relation between the annual bias and RMS error with altitude, 46 IGS sites were sorted into five categories based on altitude; less than 500 m, 500~1000 m, 1000~1500 m, 1500~2000 m, and above 2000 m. The variation of the annual bias and RMS error in each altitude range is shown in Figure 6.


Figure 6. (a,b) show the annual bias and RMS error in each altitude range, respectively; (c,d) denote the correlations between altitude and bias and RMS error, respectively. Black stems and white bars represent the mean bias and RMS error of the EGNOS and SSIEGNOS models, respectively.



[image: Ijgi 06 00020 g006]






Figure 6 shows that the annual bias is not obvious with increasing altitude in the SSIEGNOS and EGNOS models; however, the annual bias exhibits a slight correlation with altitude. In general, the annual RMS error decreases with increasing altitude in both the SSIEGNOS and EGNOS models, but, in the altitude range of 1000~1500 m, this effect is lower in the EGNOS model.




3.2.2. Relations between Latitude and the Annual Bias and RMS Error


The variation of ZTD is complicated due to the complex topography and climate over the wide distribution of land and water in Asia. The relations between latitude and the annual bias and RMS error in the SSIEGNOS and EGNOS models are analyzed.



To visualize the variation of the annual bias and RMS error, 46 IGS sites were sorted in terms of latitude in 10-degree intervals, i.e. 10°~20°, 20°~30°, 30°~40°, 40°~50°, and above 50°. The results are shown in Figure 7.


Figure 7. (a,b) show the annual bias and RMS error in each latitude range; (c,d) show the correlations between bias and latitude, respectively. Black stems and white bars denote the mean bias and RMS error of the EGNOS and SSIEGNOS models, respectively.



[image: Ijgi 06 00020 g007]






Figure 7 indicates that the annual RMS error decreases with increasing latitude in both the SSIEGNOS and EGNOS models. However, Figure 7c,d show apparently that the annual bias has a small correlation with latitude in both models.




3.2.3. Relations between Longitude and the Annual Bias and RMS Error


To study the relations between longitude and the annual bias and RMS error for the SSIEGNOS and EGNOS models, 46 IGS sites were sorted by longitude using 10-degree intervals: less than 80°, 80°~90°, 90°~100°, 100°~110°, 110°~120°, 120°~130°, 130°~140°, and above 140°. In addition, the correlations between the annual bias and longitude are also analyzed. The results are shown in Figure 8.


Figure 8. (a,b) show the annual bias and RMS error in each longitude range; whereas (c,d) show the mean correlations between bias and longitude. Black stems and white bars represent the mean bias and RMS error of the EGNOS and SSIEGNOS models, respectively.
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Figure 8 shows the irregular relationships between longitude and the annual bias and RMS error of the SSIEGNOS and EGNOS models. The annual bias presents a small correlation with longitude according to the correlation coefficient.





3.3. Assessment of Predicted ZTD Derived from the SSIEGNOS Model


3.3.1. The Performance of the SSIEGNOS Model for Predicting ZTD


To validate the precision of the predicted ZTD using the SSIEGNOS model, one year of ZTD data from 2011, with higher accuracy, were derived from 46 IGS sites distributed in Asia and are regarded as reference values; the predicted precision of SSIEGNOS model is compared with the EGNOS and UNB3m models. The predicted ZTDs were derived from the SSIEGNOS, EGNOS, and UNB3m models; the details of the functions in the UNB3m model are described in Leandro et al. [38]. The results are compared with the ZTD data provided by the IGS center. The distribution of the predicted bias and RMS error of the EGNOS, UNB3m, and SSIEGNOS models over Asia are shown in Figure 9, and the statistical results are shown in Table 2 and Figure 10.


Figure 9. The distribution of the annual predicted bias and RMS error of the EGNOS, UNB3m, and SSIEGNOS models over Asia in 2011. The color denotes the magnitudes of the annual predicted bias and RMS error.
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Figure 10. Distribution histogram of predicted bias and RMS error of the EGNOS, UNB3m, and SSIEGNOS models over Asia in 2011. The left shows the EGNOS model results, the middle shows the UNB3m model results, and the right shows the SSIEGNOS model results. The vertical axis denotes the number of samples.
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Table 2. Statistics of predicted bias and RMS error of the EGNOS, UNB3m, and SSIEGNOS models over Asia.







	

	
EGNOS

	
UNB3m

	
SSIEGNOS






	
Bias (cm)

	
−0.2 [−17.5, 4.0]

	
0.2 [−4.0, 5.6]

	
−0.1 [−1.4, 0.8]




	
RMS (cm)

	
6.1 [1.9, 18.6]

	
5.4 [1.7, 8.6]

	
3.1 [1.3, 4.8]








Note: Values in brackets show the minima and maxima of the bias and RMS error for all 46 IGS sites in 2011.








Table 2 shows the value range and annual mean values of the bias and RMS error of the predicted ZTD calculated from the EGNOS, UNB3m, and SSIEGNOS models in Asia. As observed in Table 2, the ZTD can be predicted at the centimeter level by the SSIEGNOS model. The annual mean bias and RMS error of the SSIEGNOS model are −0.1 cm and 3.1 cm, respectively, which are lower than those of the EGNOS and UNB3m models. Figure 9 demonstrates that the predicted bias of both the EGNOS model and UNB3m model are lower in central Asia and greater in eastern Asia and at lower latitudes, whereas the predicted bias of the SSIEGNOS is low in all of Asia. The EGNOS model and the UNB3m model show comparable results, which have a greater predicted RMS error in Asia; an RMS of approximately 4 cm occurs in the high-latitude area of northwestern Asia. The SSIEGNOS model has a predicted RMS better than 3 cm at sites higher than 30 degrees latitude. Slightly poorer results are observed in the low latitudes of southern and eastern Asian. However, significant correction results can still be achieved in these regions, with an RMS error lower than 5 cm. Relative to the EGNOS model, the annual absolute bias and RMS error of the predicted ZTD of the SSIEGNOS model are decreased by 95% and 54% at sites lower than 30 degrees latitude, respectively, and decreased by 94% and 45% at sites higher than 30 degree latitude, respectively. Hence, the annual absolute bias and RMS of the predicted ZTD are decreased by 55% and 48% in all of Asia, respectively. This indicates that higher predicted precision can be obtained at latitudes lower than 30 degrees in the SSIEGNOS model.



Figure 10 shows histograms of the annual bias and RMS error of the EGNOS, UNB3m, and SSIEGNOS models. The variation of the annual bias in the SSIEGNOS model is between −1.4 cm and 0.8 cm and the RMS error is between 1.3 cm and 4.8 cm. In Figure 10, the histograms of both bias and RMS error of the SSIEGNOS model are much more centralized than those of the EGNOS and UNB3m models. Figure 9 and Figure 10 and Table 2 show apparently that the SSIEGNOS model yields higher predicted precision than the EGNOS and UNB3m models in Asia, with results comparable with the ZTD calculation using the ECMWF reanalysis data [12].



To investigate the monthly and seasonal variations of predicted bias and RMS error in the SSIEGNOS model, one year of bias and RMS error from 46 sites in 2011 were used for monthly and seasonal statistics; the results are also compared with EGNOS and UNB3m models. The statistical results are shown in Figure 11.


Figure 11. (a,b) and (c,d) show the monthly and seasonal variations of predicted bias and RMS error in 2011 over Asia using the EGNOS, UNB3m, and SSIEGNOS models, respectively. The blue color denotes the EGNOS model, the green color denotes the UNB3m model, and the red color denotes the SSIEGNOS model.
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Figure 11 shows the monthly and seasonal variations of predicted bias without obvious regulation in the three models. The predicted RMS error shows apparent seasonal variations in both the EGNOS model and the UNB3m model, with larger values in summer and smaller values in winter. In the SSIEGNOS model, however, the predicted RMS error shows slight monthly variations, with lower values in winter and slightly larger values in autumn. Hence, the SSIEGNOS model has relatively small seasonal variations.




3.3.2. Investigation of the Long-Term Time Series of Predicted ZTD


As analyzed above, the annual variations of predicted RMS error in the SSIEGNOS model present obvious regional characteristics over Asia. Thus, we chose the IRKT (Northern Asian), PIMO (Southern Asian), POL2 (Western Asian), and TSK2 (Eastern Asian) sites as four typical IGS sites to investigate the feasibility of using the SSIEGNOS model to predict the long-term time series of ZTD. In this section, we utilize the SSIEGNOS model to predict two years of ZTD from 2011 to 2012 for the four typical IGS sites; the predicted results are also compared with the EGNOS and UNB3m models. Similarly, the two years of ZTD derived from the IGS center are regarded as reference values. Lastly, the variations of daily, monthly, seasonal, and annual predicted bias and RMS error are analyzed for the four sites, respectively.



First, we analyze the daily predicted bias and RMS error at the four sites from 2011 to 2012. In addition, two years of daily predicted bias and RMS error are analyzed using the normal distribution method; the statistical results are shown in Figure 12, Figure 13, Figure 14 and Figure 15.


Figure 12. (a,b) Time series of daily predicted bias and RMS from 2011–2012 at the IRKT site. The blue line denotes the EGNOS model, the green line denotes the UNB3m model, and the red line denotes the SSIEGNOS model. (c–h) Histograms of the daily predicted bias and RMS error from 2011–2012 for the three models, respectively.
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Figure 13. (a,b) Time series of daily predicted bias and RMS error from 2011–2012 at the PIMO site. The blue line denotes the EGNOS model, the green line denotes the UNB3m model, and the red line denotes the SSIEGNOS model. (c–h) Histograms of the daily predicted bias and RMS error from 2011–2012 for the three models.
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Figure 14. (a,b) Time series of daily predicted bias and RMS error from 2011–2012 at the POL2 site. The blue line denotes the EGNOS model, the green line denotes the UNB3m model, and the red line denotes the SSIEGNOS model. (c–h) Histograms of the daily predicted bias and RMS error from 2011–2012 for the three models.
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Figure 15. (a,b) Time series of daily predicted bias and RMS error from 2011–2012 at the TSK2 site. The blue line denotes the EGNOS model, the green line denotes the UNB3m model, and the red line denotes the SSIEGNOS model. (c–h) Histograms of the daily predicted bias and RMS error from 2011–2012 for the three models.
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Figure 12, Figure 13, Figure 14 and Figure 15 show that the daily predicted bias and RMS error in the SSIEGNOS model present significant stable and similar variations each year among the four IGS sites. Moreover, the SSIEGNOS model has remarkable refining results at the PIMO (Southern Asian) and TSK2 (Eastern Asian) sites, compared with the EGNOS and UNB3m models. We also find that the EGNOS model has a larger mean negative bias at the PIMO site and a positive mean bias at the IRKT and TSK2 sites; however, the UNB3m model shows reverse results at the PIMO, IRKT, and TSK2 sites. In the SSIEGNOS model, however, two years of daily predicted bias at the four sites are approximately yielded to the normal distribution. Therefore, the SSIEGNOS model exhibits a more accurate performance relative to the EGNOS and UNB3m models, in terms of predicting the long-term time series of ZTD. We can easily determine that the ZTD prediction of the SSIEGNOS model displays similar behavior in 2011–2012. In other words, the SSIEGNOS model shows high stability when used to predict the long-term ZTD time series.



Figure 14 shows that the SSIEGNOS model has a slightly poorer refining performance at the POL2 site, compared with the EGNOS and UNB3m models. The POL2 site is located in the high-latitude area of Asia, thus both the EGNOS model and the UNB3m model exhibit a strong performance in calculating the ZTD in this region. Hence, a slightly poorer refining result is obtained in this region using the SSIEGNOS model. Even so, the SSIEGNOS model can still maintain an adequate performance in predicting the long-term ZTD time series in the high-latitude area of Asia.



Furthermore, the monthly and seasonal mean predicted bias and RMS error are analyzed for the three models. The results are shown in Figure 16 and Figure 17.


Figure 16. Monthly mean predicted bias and RMS from 2011–2012 at the TSK2, POL2, IRKT, and TSK2 sites. The blue bars, green bars, and red bars denote the monthly bias and RMS error of the EGNOS, UNB3m, and SSIEGNOS models, respectively.
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Figure 17. Seasonal mean predicted bias and RMS error from 2011–2012 at the TSK2, POL2, IRKT, and TSK2 sites. The blue bars, green bars and red bars denote the monthly bias and RMS error of the EGNOS, UNB3m, and SSIEGNOS models, respectively.
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Figure 16 and Figure 17 show that the SSIEGNOS model shows no consistent variations in the monthly and seasonal mean predicted bias and RMS error, especially in terms of the RMS error, which presents low values in summer at the PIMO and POL2 sites. On the contrary, the other two sites show larger values in summer. The SSIEGNOS model also exhibits higher accuracy in terms of monthly and seasonal mean predicted bias and RMS error than the EGNOS and UNB3m models in each month from 2011 to 2012.



Lastly, Table 3 indicates that the annual predicted bias and RMS error of the SSIEGNOS model between 2011 and 2012 present small changes at the four sites. Hence, the SSIEGNOS model exhibits significant stability when used to predict the long-term time series of ZTD.



Table 3. Annual predicted bias and RMS error from 2011–2012 at the TSK2, POL2, IRKT, and TSK2 sites for the EGNOS, UNB3m, and SSIEGNOS models (Unit: cm).







	
Site Name

	
EGNOS

	
UNB3m

	
SSIEGNOS




	
2011

	
2012

	
2011

	
2012

	
2011

	
2012




	
Bias

	
RMS

	
Bias

	
RMS

	
Bias

	
RMS

	
Bias

	
RMS

	
Bias

	
RMS

	
Bias

	
RMS






	
PIMO

	
−6.24

	
8.36

	
−5.90

	
7.45

	
3.94

	
8.00

	
5.57

	
7.80

	
−0.84

	
3.57

	
−0.48

	
4.03




	
TSK2

	
0.78

	
6.96

	
2.04

	
5.37

	
1.10

	
6.93

	
0.17

	
5.90

	
0.08

	
3.53

	
0.65

	
3.29




	
POL2

	
0.45

	
1.89

	
0.89

	
1.66

	
0.57

	
2.17

	
0.01

	
1.75

	
0.10

	
1.36

	
0.56

	
1.40




	
IRKT

	
1.71

	
3.54

	
1.52

	
2.94

	
1.09

	
3.02

	
1.13

	
2.89

	
−0.11

	
1.88

	
−0.23

	
1.73










In conclusion, the SSIEGNOS model displays remarkable stability and higher accuracy when used to predict the long-term ZTD time series, which, without any meteorological data, can only relate to the time and position of site. In the future, the parameters of the SSIEGNOS model for each station can be updated using the latest three years of IGS ZTD derived from IGS center. Thus, we can utilize the updated parameters of SSIEGNOS to predict the next one or two years of ZTD for each station. Therefore, we suggest that the SSIEGNOS model can be employed as a real-time single site tropospheric correction model for VLBI technique or other space geodetic techniques in Asia.






4. Conclusions


In this study, five years of ZTD data from 2008 to 2012 of 46 IGS sites distributed in Asia were used to investigate the performance of the SSIEGNOS model. The results are as follows:



(1) Relative to the IGS-observed ZTD, the bias and RMS error of the ZTD calculated from the EGNOS model are 0.12 cm and 5.87 cm, respectively, whereas those of the SSIEGNOS model are 0.00 cm and 2.52 cm, respectively. Moreover, the SSIEGNOS model exhibits higher predicted precision at latitudes lower than 30 degrees.



(2) The EGNOS model shows seasonal variations in terms of the bias and RMS error. The SSIEGNOS model shows slight variations and has a better refining performance in summer compared with the EGNOS model. The relation between the bias with altitude, longitude, and latitude are not obvious for the two models, but the RMS error generally decreases with increasing altitude and latitude. In addition, the SSIEGNOS model has a significant correction effect in low-latitude areas.



(3) The SSIEGNOS model shows remarkable stability and higher accuracy than both the EGNOS model and the UNB3m model when used to predict the long-term ZTD time series, even without any meteorological data, whereas the EGNOS and UNB3m models show comparable predicted results. Therefore, we can regard the SSIEGNOS model as the real-time single site tropospheric correction model of GNSS, VLBI, and DORIS in Asia.



(4) The SSIEGNOS model is in the same form in Asia, only the parameters are different in different sites, so the SSIEGNOS model can be used for those sites located in Asia if equipped with permanent GNSS receivers. In future works, multi-source data fusion for refining the EGNOS model over Asia or global area should be examined, as it is likely to further improve accuracy.
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