
The University of Nottingham 

 

 

Mitigating the Scintillation Effect on GPS 

Signals Based on Parameters from Standard 

Geodetic Receivers 

 

Appendices 

 

 

Chendong Li 

BEng (Hons) 

 

Thesis submitted to the University of Nottingham for the degree of Doctor of 

Philosophy 

 

December 2021 

  



Contents (Appendices) 
 

 

Appendix Page number 

Appendix 1: Supplementary figures for Chapter 5 A1 

Appendix 2: Supplementary tables for Chapter 6 A325 

  

 

 



A1 
 

Appendix 1: Supplementary figures for 

Chapter 5 

Parameters against elevation and azimuth (PEA) plots of parameters (MP1, MP2, ROTI, S4 

and σϕ) on each satellite during September, 2017 from the SAO0P and SJCU stations are 

provided in Appendix 1. In each figure, one parameter is plotted for 30 days. The legend 

shows the mild (MT) and extreme thresholds (ET), which is used for defining outliers. Table 

S1 shows the figure and page numbers for each station and parameter. It should be noted that 

there are 34 and 33 ROTI figures respectively for SAO0P and SJCU stations when there are 

32 (number of satellites) figures for the other parameters. This is because ROTI is plotted 

with and without the extreme value as explained in section 5.2.3.3 of the thesis. 

 

Table S1. Figure and page number range for each station and parameter 

Station name MP1 MP2 ROTI S4 σϕ 

SAO0P S1-32 

A2-33 

S33-64 

A34-65 

S65-98 

A66-99 

S99-S130 

A100-131 

S131-162 

A132-163 

SJCU S163-194 

A164-195 

S195-226 

A196-227 

S227-259 

A228-260 

S260-291 

A261-292 

S292-323 

A293-324 
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Appendix 2: Supplementary tables for 

Chapter 6 

Changes of height and 3D positioning errors through the observation removal strategy based 

on mild threshold (MT) and extreme threshold (ET) during 14 days (2017-09-07, 2017-09-08, 

2017-09-13 at SAO0P station, 2017-09-04, 2017-09-07, 2017-09-08, 2017-09-13 at SJCU 

station and 2016-02-18, 2016-04-02, 2016-04-13, 2016-05-09, 2016-06-06, 2016-07-28, 

2016-10-13 at SNA0P station) are presented in Appendix 2. Table S2 shows the table and 

page numbers for each station and threshold type. In each of Table S3-Table S30, 10 

permutations and combinations of parameters are evaluated.S1  

 

Table S2 Table and page number range for each station and threshold type 

Station name MT ET 

SAO0P S3-5 

A326-327 

S17-19 

A333-334 

SJCU S6-9 

A327-329 

S20-23 

A334-336 

SNA0P S10-16 

A329-332 

S24-30 

A336-339 
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Table S3 Change of the height and 3D positioning errors through the observation removal strategy 

based on MT as represented by the RMSE at SAO0P on 2017-09-07. Improved RMSEs are highlighted 

in bold. 

Station Date Original RMSE Permutations and 

combinations 

Observation-removed 

RMSE 

height 3D height 3D 

SAO0P 20170907 0.0144 0.0180 σф 0.0145  0.0175  

S4 0.0170  0.0203  

σф, S4 0.0214  0.0234  

ROTI 0.0115  0.0192  

MP2 0.0044  0.0057  

MP1 0.0270  0.0307  

MP2, ROTI 0.0031  0.0050  

MP1, ROTI 0.0073  0.0078  

MP1, MP2 0.0015  0.0036  

MP1, MP2, ROTI 0.0014  0.0042  

 

Table S4 Change of the height and 3D positioning errors through the observation removal strategy 

based on MT as represented by the RMSE at SAO0P on 2017-09-08. Improved RMSEs are highlighted 

in bold. 

Station Date Original RMSE Permutations and 

combinations 

Observation-removed 

RMSE 

height 3D height 3D 

SAO0P 20170908 0.6245 0.6422 σф 0.0981  0.1255  

S4 0.3661  0.4013  

σф, S4 0.1046  0.1261  

ROTI 0.1828  0.2087  

MP2 0.6771  0.6954  

MP1 0.4566  0.4961  

MP2, ROTI 0.0718  0.0780  

MP1, ROTI 0.1756  0.1979  

MP1, MP2 0.7069  0.7238  

MP1, MP2, ROTI 0.0885  0.0946  

 

  



A327 
 

Table S5 Change of the height and 3D positioning errors through the observation removal strategy 

based on MT as represented by the RMSE at SAO0P on 2017-09-08. Improved RMSEs are highlighted 

in bold. 

Station Date Original RMSE Permutations and 

combinations 

Observation-removed 

RMSE 

height 3D height 3D 

SAO0P 20170913 0.1395 0.1581 σф 0.0345  0.0518  

S4 0.0283  0.0321  

σф, S4 0.0248  0.0259  

ROTI 0.0172  0.0308  

MP2 0.1012  0.1573  

MP1 0.0559  0.0635  

MP2, ROTI 0.0182  0.0210  

MP1, ROTI 0.0345  0.0360  

MP1, MP2 0.0880  0.1472  

MP1, MP2, ROTI 0.0270  0.0289  

 

Table S6 Change of the height and 3D positioning errors through the observation removal strategy 

based on MT as represented by the RMSE at SJCU on 2017-09-04. Improved RMSEs are highlighted 

in bold. 

Station Date Original RMSE Permutations and 

combinations 

Observation-removed 

RMSE 

height 3D height 3D 

SJCU 20170904 0.0260 0.0345 σф 0.0435  0.0452  

S4 0.0205  0.0279  

σф, S4 0.0429  0.0460  

ROTI 0.0248  0.0330  

MP2 0.0340  0.0465  

MP1 0.0254  0.0276  

MP2, ROTI 0.0342  0.0474  

MP1, ROTI 0.0262  0.0284  

MP1, MP2 0.0418  0.0490  

MP1, MP2, ROTI 0.0417  0.0492  

 

  



A328 
 

Table S7 Change of the height and 3D positioning errors through the observation removal strategy 

based on MT as represented by the RMSE at SJCU on 2017-09-07. Improved RMSEs are highlighted 

in bold. 

Station Date Original RMSE Permutations and 

combinations 

Observation-removed 

RMSE 

height 3D height 3D 

SJCU 20170907 0.0247 0.0311 σф 0.0285  0.0308  

S4 0.0313  0.0321  

σф, S4 0.0388  0.0395  

ROTI 0.0315  0.0320  

MP2 0.0329  0.0399  

MP1 0.0298  0.0301  

MP2, ROTI 0.0339  0.0401  

MP1, ROTI 0.0300  0.0303  

MP1, MP2 0.0331  0.0373  

MP1, MP2, ROTI 0.0343  0.0373  

 

Table S8 Change of the height and 3D positioning errors through the observation removal strategy 

based on MT as represented by the RMSE at SJCU on 2017-09-08. Improved RMSEs are highlighted 

in bold. 

Station Date Original RMSE Permutations and 

combinations 

Observation-removed 

RMSE 

height 3D height 3D 

SJCU 20170908 0.1355 0.3454 σф 0.2160  0.2731  

S4 1.5847  1.6025  

σф, S4 0.2205  0.2808  

ROTI 0.2461  0.3328  

MP2 0.3595  0.3801  

MP1 0.2776  0.3248  

MP2, ROTI 0.1201  0.1418  

MP1, ROTI 0.2142  0.3107  

MP1, MP2 0.1731  0.2521  

MP1, MP2, ROTI 0.1129  0.1249  
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Table S9 Change of the height and 3D positioning errors through the observation removal strategy 

based on MT as represented by the RMSE at SJCU on 2017-09-13. Improved RMSEs are highlighted 

in bold. 

Station Date Original RMSE Permutations and 

combinations 

Observation-removed 

RMSE 

height 3D height 3D 

SJCU 20170913 0.0219 0.0329 σф 0.0188  0.0282  

S4 0.0157  0.0269  

σф, S4 0.0193  0.0298  

ROTI 0.0646  0.0850  

MP2 0.0302  0.0564  

MP1 0.0258  0.0370  

MP2, ROTI 0.0795  0.1280  

MP1, ROTI 0.0402  0.0551  

MP1, MP2 0.0261  0.0502  

MP1, MP2, ROTI 0.0787  0.1242  

 

Table S10 Change of the height and 3D positioning errors through the observation removal strategy 

based on MT as represented by the RMSE at SNA0P on 2016-02-18. Improved RMSEs are highlighted 

in bold. 

Station Date Original RMSE Permutations and 

combinations 

Observation-removed 

RMSE 

height 3D height 3D 

SNA0P 20160218 0.1699 0.2148 σф 0.1671  0.2125  

S4 0.1877  0.2263  

σф, S4 0.1583  0.2064  

ROTI 0.2319  0.2828  

MP2 0.2433  0.2835  

MP1 0.2174  0.2651  

MP2, ROTI 0.3193  0.3426  

MP1, ROTI 0.2889  0.3164  

MP1, MP2 0.2036  0.2424  

MP1, MP2, ROTI 0.3450  0.3676  
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Table S11 Change of the height and 3D positioning errors through the observation removal strategy 

based on MT as represented by the RMSE at SNA0P on 2016-04-02. Improved RMSEs are highlighted 

in bold. 

Station Date Original RMSE Permutations and 

combinations 

Observation-removed 

RMSE 

height 3D height 3D 

SNA0P 20160402 0.0087 0.0329 σф 0.0068  0.0280  

S4 0.0059  0.0282  

σф, S4 0.0066  0.0283  

ROTI 0.0072  0.0324  

MP2 0.0078  0.0295  

MP1 0.0064  0.0285  

MP2, ROTI 0.0070  0.0290  

MP1, ROTI 0.0054  0.0283  

MP1, MP2 0.0073  0.0291  

MP1, MP2, ROTI 0.0073  0.0289  

 

Table S12 Change of the height and 3D positioning errors through the observation removal strategy 

based on MT as represented by the RMSE at SNA0P on 2016-04-13. Improved RMSEs are highlighted 

in bold. 

Station Date Original RMSE Permutations and 

combinations 

Observation-removed 

RMSE 

height 3D height 3D 

SNA0P 20160413 0.8233 0.8521 σф 0.1799  0.2260  

S4 0.4178  0.6136  

σф, S4 0.1834  0.2262  

ROTI 0.1427  0.2025  

MP2 0.5525  0.5626  

MP1 0.8517  0.9361  

MP2, ROTI 0.1161  0.1800  

MP1, ROTI 0.0687  0.1724  

MP1, MP2 0.1997  0.2997  

MP1, MP2, ROTI 0.0801  0.1760  
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Table S13 Change of the height and 3D positioning errors through the observation removal strategy 

based on MT as represented by the RMSE at SNA0P on 2016-05-09. Improved RMSEs are highlighted 

in bold. 

Station Date Original RMSE Permutations and 

combinations 

Observation-removed 

RMSE 

height 3D height 3D 

SNA0P 20160509 0.4466 0.5796 σф 0.3020  0.3191  

S4 0.4084  0.5487  

σф, S4 0.3018  0.3191  

ROTI 0.2238  0.2431  

MP2 0.4407  0.5573  

MP1 0.4017  0.4720  

MP2, ROTI 0.2139  0.2496  

MP1, ROTI 0.2758  0.2930  

MP1, MP2 0.2794  0.3374  

MP1, MP2, ROTI 0.2229  0.2591  

 

Table S14 Change of the height and 3D positioning errors through the observation removal strategy 

based on MT as represented by the RMSE at SNA0P on 2016-06-06. Improved RMSEs are highlighted 

in bold. 

Station Date Original RMSE Permutations and 

combinations 

Observation-removed 

RMSE 

height 3D height 3D 

SNA0P 20160606 0.5636 1.1350 σф 0.5182  0.5730  

S4 1.6784  2.0880  

σф, S4 0.6953  0.7354  

ROTI 0.1968  0.2298  

MP2 2.0577  2.3840  

MP1 1.0227  1.4342  

MP2, ROTI 0.3771  0.3993  

MP1, ROTI 0.1517  0.1971  

MP1, MP2 1.7578  2.1342  

MP1, MP2, ROTI 0.3778  0.4000  
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Table S15 Change of the height and 3D positioning errors through the observation removal strategy 

based on MT as represented by the RMSE at SNA0P on 2016-07-28. Improved RMSEs are highlighted 

in bold. 

Station Date Original RMSE Permutations and 

combinations 

Observation-removed 

RMSE 

height 3D height 3D 

SNA0P 20160728 0.0099 0.0207 σф 0.0105  0.0309  

S4 0.0091  0.0204  

σф, S4 0.0122  0.0274  

ROTI 0.0105  0.0213  

MP2 0.0151  0.0352  

MP1 0.0136  0.0301  

MP2, ROTI 0.0168  0.0356  

MP1, ROTI 0.0131  0.0300  

MP1, MP2 0.0147  0.0356  

MP1, MP2, ROTI 0.0145  0.0354  

 

Table S16 Change of the height and 3D positioning errors through the observation removal strategy 

based on MT as represented by the RMSE at SNA0P on 2016-10-13. Improved RMSEs are highlighted 

in bold. 

Station Date Original RMSE Permutations and 

combinations 

Observation-removed 

RMSE 

height 3D height 3D 

SNA0P 20161013 0.0010 0.0228 σф 0.0247  0.0507  

S4 0.0023  0.0344  

σф, S4 0.0256  0.0518  

ROTI 0.0197  0.0624  

MP2 0.0246  0.0625  

MP1 0.0039  0.0326  

MP2, ROTI 0.0121  0.0568  

MP1, ROTI 0.0257  0.0669  

MP1, MP2 0.0307  0.0694  

MP1, MP2, ROTI 0.0171  0.0564  
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Table S17 Change of the height and 3D positioning errors through the observation removal strategy 

based on MT as represented by the RMSE at SAO0P on 2017-09-07. Improved RMSEs are highlighted 

in bold. 

Station Date Original RMSE Permutations and 

combinations 

Observation-removed 

RMSE 

height 3D height 3D 

SAO0P 20170907 0.0144 0.0180 σф 0.0165  0.0204  

S4 0.0121  0.0167  

σф, S4 0.0160  0.0203  

ROTI 0.0124  0.0192  

MP2 0.0148  0.0178  

MP1 0.0175  0.0213  

MP2, ROTI 0.0130  0.0196  

MP1, ROTI 0.0179  0.0224  

MP1, MP2 0.0179  0.0215  

MP1, MP2, ROTI 0.0183  0.0226  

 

Table S18 Change of the height and 3D positioning errors through the observation removal strategy 

based on MT as represented by the RMSE at SAO0P on 2017-09-08. Improved RMSEs are highlighted 

in bold. 

Station Date Original RMSE Permutations and 

combinations 

Observation-removed 

RMSE 

height 3D height 3D 

SAO0P 20170908 0.6245 0.6422 σф 0.4126  0.4540  

S4 0.1664  0.2517  

σф, S4 0.4672  0.5482  

ROTI 0.1202  0.1464  

MP2 0.5154  0.5376  

MP1 0.5769  0.5887  

MP2, ROTI 0.1174  0.1420  

MP1, ROTI 0.1101  0.1337  

MP1, MP2 0.6117  0.6208  

MP1, MP2, ROTI 0.1069  0.1310  
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Table S19 Change of the height and 3D positioning errors through the observation removal strategy 

based on MT as represented by the RMSE at SAO0P on 2017-09-08. Improved RMSEs are highlighted 

in bold. 

Station Date Original RMSE Permutations and 

combinations 

Observation-removed 

RMSE 

height 3D height 3D 

SAO0P 20170913 0.1395 0.1581 σф 0.0608  0.0617  

S4 0.0556  0.0657  

σф, S4 0.0387  0.0416  

ROTI 0.0165  0.0349  

MP2 0.1536  0.1683  

MP1 0.1018  0.1202  

MP2, ROTI 0.0223  0.0359  

MP1, ROTI 0.0239  0.0382  

MP1, MP2 0.1270  0.1773  

MP1, MP2, ROTI 0.0269  0.0387  

 

Table S20 Change of the height and 3D positioning errors through the observation removal strategy 

based on MT as represented by the RMSE at SJCU on 2017-09-04. Improved RMSEs are highlighted 

in bold. 

Station Date Original RMSE Permutations and 

combinations 

Observation-removed 

RMSE 

height 3D height 3D 

SJCU 20170904 0.0260 0.0345 σф 0.0265  0.0282  

S4 0.0268  0.0353  

σф, S4 0.0256  0.0272  

ROTI 0.0255  0.0339  

MP2 0.0272  0.0289  

MP1 0.0245  0.0306  

MP2, ROTI 0.0269  0.0286  

MP1, ROTI 0.0243  0.0302  

MP1, MP2 0.0270  0.0282  

MP1, MP2, ROTI 0.0268  0.0279  
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Table S21 Change of the height and 3D positioning errors through the observation removal strategy 

based on MT as represented by the RMSE at SJCU on 2017-09-07. Improved RMSEs are highlighted 

in bold. 

Station Date Original RMSE Permutations and 

combinations 

Observation-removed 

RMSE 

height 3D height 3D 

SJCU 20170907 0.0247 0.0311 σф 0.0282  0.0298  

S4 0.0268  0.0331  

σф, S4 0.0294  0.0310  

ROTI 0.0304  0.0311  

MP2 0.0302  0.0306  

MP1 0.0292  0.0300  

MP2, ROTI 0.0308  0.0310  

MP1, ROTI 0.0290  0.0295  

MP1, MP2 0.0287  0.0291  

MP1, MP2, ROTI 0.0292  0.0295  

 

Table S22 Change of the height and 3D positioning errors through the observation removal strategy 

based on MT as represented by the RMSE at SJCU on 2017-09-08. Improved RMSEs are highlighted 

in bold. 

Station Date Original RMSE Permutations and 

combinations 

Observation-removed 

RMSE 

height 3D height 3D 

SJCU 20170908 0.1355 0.3454 σф 0.1638  0.3521  

S4 0.4893  0.5559  

σф, S4 0.1638  0.3521  

ROTI 0.1986  0.2357  

MP2 0.3026  0.4002  

MP1 0.0632  0.0839  

MP2, ROTI 0.0386  0.0473  

MP1, ROTI 0.1979  0.2342  

MP1, MP2 0.0779  0.2221  

MP1, MP2, ROTI 0.0511  0.0572  
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Table S23 Change of the height and 3D positioning errors through the observation removal strategy 

based on MT as represented by the RMSE at SJCU on 2017-09-13. Improved RMSEs are highlighted 

in bold. 

Station Date Original RMSE Permutations and 

combinations 

Observation-removed 

RMSE 

height 3D height 3D 

SJCU 20170913 0.0219 0.0329 σф 0.0240  0.0328  

S4 0.0153  0.0275  

σф, S4 0.0193  0.0292  

ROTI 0.0332  0.0440  

MP2 0.0264  0.0402  

MP1 0.0226  0.0339  

MP2, ROTI 0.0210  0.0383  

MP1, ROTI 0.0331  0.0440  

MP1, MP2 0.0264  0.0402  

MP1, MP2, ROTI 0.0210  0.0383  

 

Table S24 Change of the height and 3D positioning errors through the observation removal strategy 

based on MT as represented by the RMSE at SNA0P on 2016-02-18. Improved RMSEs are highlighted 

in bold. 

Station Date Original RMSE Permutations and 

combinations 

Observation-removed 

RMSE 

height 3D height 3D 

SNA0P 20160218 0.1699 0.2148 σф 0.1645  0.2167  

S4 0.1689  0.2118  

σф, S4 0.1658  0.2182  

ROTI 0.2287  0.2658  

MP2 0.1992  0.2315  

MP1 0.1703  0.2113  

MP2, ROTI 0.1983  0.2389  

MP1, ROTI 0.1909  0.2350  

MP1, MP2 0.2092  0.2577  

MP1, MP2, ROTI 0.1874  0.2322  
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Table S25 Change of the height and 3D positioning errors through the observation removal strategy 

based on MT as represented by the RMSE at SNA0P on 2016-04-02. Improved RMSEs are highlighted 

in bold. 

Station Date Original RMSE Permutations and 

combinations 

Observation-removed 

RMSE 

height 3D height 3D 

SNA0P 20160402 0.0087 0.0329 σф 0.0059  0.0281  

S4 0.0062  0.0287  

σф, S4 0.0059  0.0281  

ROTI 0.0077  0.0326  

MP2 0.0066  0.0319  

MP1 0.0064  0.0298  

MP2, ROTI 0.0061  0.0315  

MP1, ROTI 0.0060  0.0296  

MP1, MP2 0.0069  0.0331  

MP1, MP2, ROTI 0.0064  0.0328  

 

Table S26 Change of the height and 3D positioning errors through the observation removal strategy 

based on MT as represented by the RMSE at SNA0P on 2016-04-13. Improved RMSEs are highlighted 

in bold. 

Station Date Original RMSE Permutations and 

combinations 

Observation-removed 

RMSE 

height 3D height 3D 

SNA0P 20160413 0.8233 0.8521 σф 0.0831  0.1741  

S4 0.5556  0.5855  

σф, S4 0.0788  0.1580  

ROTI 0.2972  0.3955  

MP2 0.8869  0.9404  

MP1 0.7885  0.8586  

MP2, ROTI 0.3655  0.4579  

MP1, ROTI 0.3101  0.3843  

MP1, MP2 0.8351  0.8954  

MP1, MP2, ROTI 0.3358  0.4303  
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Table S27 Change of the height and 3D positioning errors through the observation removal strategy 

based on MT as represented by the RMSE at SNA0P on 2016-05-09. Improved RMSEs are highlighted 

in bold. 

Station Date Original RMSE Permutations and 

combinations 

Observation-removed 

RMSE 

height 3D height 3D 

SNA0P 20160509 0.4466 0.5796 σф 0.2487  0.2673  

S4 0.3828  0.5038  

σф, S4 0.2486  0.2672  

ROTI 0.2345  0.2629  

MP2 0.4373  0.6193  

MP1 0.3512  0.4326  

MP2, ROTI 0.2269  0.2532  

MP1, ROTI 0.3006  0.3249  

MP1, MP2 0.3344  0.4559  

MP1, MP2, ROTI 0.2963  0.3186  

 

Table S28 Change of the height and 3D positioning errors through the observation removal strategy 

based on MT as represented by the RMSE at SNA0P on 2016-06-06. Improved RMSEs are highlighted 

in bold. 

Station Date Original RMSE Permutations and 

combinations 

Observation-removed 

RMSE 

height 3D height 3D 

SNA0P 20160606 0.5636 1.1350 σф 0.5722  0.7549  

S4 0.5700  1.2371  

σф, S4 0.7753  1.0596  

ROTI 0.5522  0.6354  

MP2 0.6488  1.1009  

MP1 1.1436  1.6746  

MP2, ROTI 1.3408  1.4053  

MP1, ROTI 0.1624  0.3385  

MP1, MP2 0.8409  1.3097  

MP1, MP2, ROTI 1.5458  1.5911  
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Table S29 Change of the height and 3D positioning errors through the observation removal strategy 

based on MT as represented by the RMSE at SNA0P on 2016-07-28. Improved RMSEs are highlighted 

in bold. 

Station Date Original RMSE Permutations and 

combinations 

Observation-removed 

RMSE 

height 3D height 3D 

SNA0P 20160728 0.0099 0.0207 σф 0.0111  0.0217  

S4 0.0092  0.0204  

σф, S4 0.0106  0.0215  

ROTI 0.0109  0.0214  

MP2 0.0114  0.0218  

MP1 0.0128  0.0252  

MP2, ROTI 0.0117  0.0220  

MP1, ROTI 0.0157  0.0255  

MP1, MP2 0.0126  0.0275  

MP1, MP2, ROTI 0.0126  0.0256  

 

Table S30 Change of the height and 3D positioning errors through the observation removal strategy 

based on MT as represented by the RMSE at SNA0P on 2016-10-13. Improved RMSEs are highlighted 

in bold. 

Station Date Original RMSE Permutations and 

combinations 

Observation-removed 

RMSE 

height 3D height 3D 

SNA0P 20161013 0.0010 0.0228 σф 0.0039  0.0238  

S4 0.0006  0.0230  

σф, S4 0.0042  0.0241  

ROTI 0.0036  0.0198  

MP2 0.0097  0.0289  

MP1 0.0008  0.0335  

MP2, ROTI 0.0054  0.0242  

MP1, ROTI 0.0033  0.0298  

MP1, MP2 0.0043  0.0378  

MP1, MP2, ROTI 0.0038  0.0300  

 


