
    
      Fig. 1 
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        Geographic locations of NMA stations used, in blue for ROTI model development (left graph), in red geodetic GNSS receivers for PPP positioning regressions (left graph), in black for validation (right graph).

      

    

  
    
      Fig. 2 
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        [image: equation] (Wb/s) coupling function variations versus By and Bz in nT, for ν = 850 km/s.

      

    

  
    
      Fig. 3 
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        Examples of ROTI index CDF measured and fitted for different combinations of location and coupling function level.

      

    

  
    
      Fig. 4 
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        p-value of χ2 test for ROTI index modeling versus Mlat and MLT. Each graph corresponds to a different interval of [image: equation] values in (Wb/s).

      

    

  
    
      Fig. 5 
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        Number of points of ROTI index versus Mlat and MLT, each graph corresponding to a different interval of [image: equation] values in (Wb/s).

      

    

  
    
      Fig. 6 
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        Mean ROTI value in (TECu/mn) regressed versus geomagnetic latitude and magnetic local time. Each graph corresponds to a different interval of [image: equation] values in (Wb/s).

      

    

  
    
      Fig. 7 
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        Standard deviation of ROTI in (TECu/mn) regressed versus geomagnetic latitude and magnetic local time. Each graph corresponds a different interval of [image: equation] values in (Wb/s).

      

    

  
    
      Fig. 8 
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        Examples of probability of occurrence for a ROTI threshold of 1 TECu/mn to be exceeded for different coupling function values, at 0 h, UTC.

      

    

  
    
      Fig. 10 
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        In color scale, observed percentage of records exceeding the disturbance level, in each bin, versus forecast in abscissa, and Low, Medium and High thresholds in ordinate.

      

    

  
    
      Table 1 

      List of days included in this study.

      
        
          
            
              	Year
              	Month
              	Days
              	G-index
            

          
          
            
              	2014
              	February
              	15, 18, 19, 20, 27, 28 
              	1, 0, 2, 2, 0, 2
            

            
              	2014
              	September
              	12, 24
              	3, 0
            

            
              	2014
              	October
              	14
              	1
            

            
              	2015
              	January
              	7
              	3
            

            
              	2015
              	March
              	17
              	4
            

            
              	2015
              	June
              	22, 23
              	4, 4
            

            
              	2015
              	October
              	7, 8
              	3, 2
            

            
              	2015
              	November
              	7
              	2
            

            
              	2015
              	December
              	20, 21
              	2, 2
            

            
              	2016
              	January
              	20
              	1
            

            
              	2016
              	February
              	16
              	2
            

            
              	2016
              	March
              	6, 7
              	2, 2
            

            
              	2016
              	May
              	8
              	3
            

            
              	2016
              	September
              	25, 26, 27, 28, 29, 30
              	1, 1, 2, 2, 1
            

            
              	2016
              	October
              	1, 2, 3, 4, 13, 14, 25, 26, 27, 28, 29, 30
              	1, 1, 0, 1, 2, 2, 3, 2, 1, 0, 1, 0
            

            
              	2017
              	March
              	1, 2, 27, 28
              	2, 2, 2, 2
            

            
              	2017
              	April
              	20, 22, 23
              	2, 2, 2
            

            
              	2017
              	May
              	27, 28
              	2, 3
            

            
              	2017
              	June
              	16, 17
              	1, 1
            

            
              	2017
              	August
              	22
              	2
            

            
              	2017
              	September
              	7, 8, 9, 15, 16, 27, 28
              	4, 4, 2, 2, 2, 2, 3
            

            
              	2017
              	October
              	11, 12, 13, 14, 15, 16
              	1, 1, 2, 2, 1, 0
            

            
              	2017
              	November
              	7, 8
              	2, 2
            

          
        

      

    

  
    
      Table 2 

      Parameters/models used for the GIPSY PPP solution.

      
        
          
            
              	GIPSY version: 
              	6.4
            

            
              	Reference frame: 
              	IGS08/IGb08
            

            
              	Antenna phase center (receivers): 
              	Absolute based on IGS standard e.g. igs08_1645.atx
            

            
              	Antenna phase center (transmitters): 
              	Absolute based on IGS standard e.g. igs08_1645.atx
            

            
              	Troposphere mapping function: 
              	VMF1
            

            
              	2nd order ionosphere model: 
              	Not applied
            

            
              	Ocean loading: 
              	FES2004
            

            
              	Ambiguity resolution: 
              	Yes (Bertiger et al., 2010)
            

          
        

      

    

  
    
      Fig. 11 
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        Histograms showing distributions of PPP vertical coordinate error within specific ROTI bins (TECu/mn), with Gaussian (red line) and Laplace (green line) functions fitted to the data. (a) ROTI (TECu/mn) ∈ [0.5, 1.0). (b) ROTI (TECu/mn) ∈ [3, 3.5). (c) ROTI (TECu/mn) ∈ [6, 7).

      

    

  
    
      Fig. 12 
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        Histograms showing distributions of PPP north coordinate error within specific ROTI bins (TECu/mn), with Gaussian (red line) and Laplace (green line) functions fitted to the data. (a) ROTI (TECu/mn) ∈ [0.5, 1.0). (b) ROTI (TECu/mn) ∈ [3, 3.5). (c) ROTI (TECu/mn) ∈ [6, 7).

      

    

  
    
      Fig. 13 
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        Histograms showing distributions of PPP east coordinate error within specific ROTI bins (TECu/mn), with Gaussian (red line) and Laplace (green line) functions fitted to the data. (a) ROTI (TECu/mn) ∈ [0.5, 1.0). (b) ROTI (TECu/mn) ∈ [3, 3.5). (c) ROTI (TECu/mn) ∈ [6, 7).

      

    

  
    
      Table 3 

      Fitted Laplace distribution function parameters for PPP error versus ROTI.

      
        
          
            
              	ROTI Bin Center (TECU/min)
              	Median PPP error, North (cm)
              	MAD PPP error, North (cm)
              	Median PPP error, East (cm)
              	MAD PPP, East (cm)
              	Median PPP error, Vertical (cm)
              	MAD PPP error, Vertical (cm)
            

          
          
            
              	0.25
              	0.025
              	0.549
              	0.038
              	0.393
              	0.000
              	1.274
            

            
              	0.75
              	0.020
              	0.594
              	0.014
              	0.470
              	0.047
              	1.607
            

            
              	1.25
              	–0.013
              	0.923
              	0.042
              	0.858
              	–0.052
              	2.339
            

            
              	1.75
              	–0.019
              	0.976
              	0.014
              	0.889
              	–0.081
              	2.516
            

            
              	2.25
              	–0.013
              	1.059
              	–0.010
              	0.877
              	–0.136
              	2.577
            

            
              	2.75
              	–0.064
              	1.148
              	0.005
              	0.849
              	–0.091
              	2.618
            

            
              	3.25
              	0.030
              	1.132
              	0.012
              	0.875
              	0.166
              	2.790
            

            
              	3.75
              	–0.106
              	1.103
              	0.023
              	0.787
              	–0.280
              	2.744
            

            
              	4.25
              	0.003
              	1.166
              	0.058
              	0.927
              	–0.095
              	2.904
            

            
              	4.75
              	–0.096
              	1.373
              	0.041
              	0.857
              	–0.060
              	3.348
            

            
              	5.50
              	0.019
              	1.371
              	–0.008
              	0.950
              	–0.009
              	3.397
            

            
              	6.50
              	–0.108
              	1.272
              	0.020
              	0.947
              	–0.235
              	3.082
            

            
              	7.50
              	–0.122
              	1.353
              	–0.092
              	0.876
              	–0.250
              	3.331
            

            
              	8.50
              	0.019
              	1.166
              	0.120
              	0.754
              	–0.319
              	3.286
            

            
              	9.50
              	–0.191
              	1.514
              	0.006
              	1.252
              	–0.118
              	3.881
            

            
              	11.00
              	–0.020
              	1.472
              	0.073
              	1.070
              	–0.659
              	3.976
            

            
              	13.00
              	–0.168
              	1.687
              	0.140
              	0.993
              	0.063
              	4.340
            

            
              	15.00
              	–0.349
              	1.428
              	–0.018
              	0.887
              	–0.414
              	3.259
            

            
              	17.00
              	–0.204
              	1.296
              	–0.008
              	0.986
              	–0.311
              	3.470
            

            
              	19.00
              	–0.039
              	1.404
              	–0.009
              	1.091
              	–0.497
              	3.550
            

            
              	22.50
              	–0.039
              	1.630
              	0.157
              	1.064
              	–0.387
              	4.013
            

            
              	27.50
              	–0.273
              	1.732
              	0.101
              	1.132
              	–0.057
              	4.870
            

          
        

      

    

  
    
      Fig. 14 

      
        [image: thumbnail]
      

      
        Cumulative distribution functions for the data (blue line), the Gaussian fit (red line) and the Laplace fit (green line), for the PPP vertical position errors with ROTI in the interval 3–3.5 TECu/min. The Kolmogorov-Smirnov test statistic for the two fitted distributions are in the legend.

      

    

  
    
      Fig. 15 

      
        [image: thumbnail]
      

      
        Kolmogorov-Smirnov test statistic values for PPP vertical error distributions in all ROTI bins (in TECu/min). The red line is for the Gaussian fit compared to the data, and the green line is for the Laplace fit compared to the data.

      

    

  
    
      Fig. 16 

      
        [image: thumbnail]
      

      
        Probability of East PPP error to exceed 0.5 cm in North Pole area, at 0 h, UTC.

      

    

  
    
      Fig. 17 

      
        [image: thumbnail]
      

      
        Probability of North PPP error to exceed 0.75 cm in North Pole area, at 0 h, UTC.

      

    

  
    
      Fig. 19 

      
        [image: thumbnail]
      

      
        CCDF of PPP positioning errors, comparison of HAPEE model results (full lines) with direct PPP error (dashed lines), for North, East and Vertical errors in red, blue and cyan respectively.
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