
1 – Introduction 
 

The electromagnetic signals emitted by the satellite positioning 
systems travel at the speed of light in a straight line in a vacuum 
but are modified in their propagation through the neutral 
atmosphere by temporal and spatial changes of density, 
composition and refractivity. These waves are slowed down and 
their trajectories are bent. 
 
This presentation summarizes the performances of the modeling of 
the tropospheric propagation by the ray tracing technique through 
the assimilations of the European Meteorological Centre (ECMWF) 
in the framework of realizing the geodetic reference frame. This 
goal is achieved by modeling the spatial variability of the 
propagation using the time variable three-dimensional physical 
parameters of the atmosphere.  
The tropospheric delays, obtained by tracing rays in all directions 
throughout the meteorological model surrounding the geodetic 
site (Desjardins et al., 2015; Gegout et al., 2014), are fitted by 
Adaptive Mapping Functions (AMF defined by Gegout et al., 2011) 
parameterized by several tens of coefficients. 
The delays produced by the Horizon software are then tested, 
kept unchanged or adjusted, when recovering a reference frame 
based on hundred sites using the GINS software.  
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The RMS of phase residuals is obtained for each site at the 
measurement level from all GPS measures of February 2013. 
The AMFXF experiment shows RMS from 10±3 mm at mid- 
and high-latitudes. RMS reach 15 to 20 mm near the Equator. 
The zenithal delay is adjusted in the AMFXZ experiment: phase 
residuals decrease in the tropics where humidity is known to 
fluctuate rapidly. Optimal delays differ from snapshot delays. 
The AMFXG experiment with adjusted gradients improve the 
phase residuals by several millimeters. RMS of phase residuals 
10±2 mm in the tropics and 8±2 mm at mid and high-latitudes. 
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2 – Methodology and Results 
 

The method for determining GPS orbits and sites positions is   
the methodology defined by the CNES/CLS Analysis Center for 
the IGS campaign REPRO2 and ITRF 2014 (Loyer et al., 2012). 
Estimated parameters are the position and speed of the GPS 
satellites, the parameters of the solar radiation pressure and 
the biases of satellites and sites clocks. 
 

The standard approach for mitigating tropospheric delays use 
the GPT2 empirical model associated to the Vienna Mapping 
Function VMF1 (Boehm et al., 2006). The custom approach is 
the use of Adaptive Mapping Functions. The experiments are 
defined in the table 2 on the right. RMS of phase residuals are 
provided below as a measure of the AMF model performance. 
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      Table 1: Coordinates of the 100 GPS sites, sorted by 
      ascending latitude, from South Pole to North Pole. 
      The sites on all graphs follow this order. 
 

The zenithal delay adjustments are geographically correlated with areas of rapidly 
changing humidity. Even if not adjusted, AMFs already provide low phase residuals. 
The adjustments compensate rapidly changing humidity which is not well sampled by 
3-hourly assimilation snapshots. In areas of large asymmetric distribution of humidity,  
e.g. land/ocean contrast in the tropics, adjusting horizontal gradients fits better. 



At the contrary, the repeatability of the horizontal position of 
geodetic sites is greatly enhanced by accounting for the 
azimuthal variability provided by the realistic shapes of the 
Atmosphere and the Earth. The rigorous interpolations of 
atmospheric physical parameters and the realistic anisotropy 
included in Adaptive Mapping Functions lead to this result. 
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When the zenith delay and gradients are adjusted, the 
repeatability of the vertical position is not enhanced by 
changing the model of propagation. This limit may also be 
due to the lack or deficiency of other models, such as non-
tidal and tidal loading, known to impact the height, the 
vertical component, of sites at the centimeter level. 
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4 – Site Repeatability 

In the vertical direction 

5 – Site Repeatability 

In the horizontal directions 

Table 2 
Model 

Experiment Adjusted Parameters 
Orbit Repeatability 

RMS (cm) 
Phase residuals 

RMS (mm) 
Resolved Integer 

Ambiguity (%) 

 
GPT2+ 
VMF1 

GPTGF all parameters fixed 246.22 72.83 - 

GPTGZ Zenith delay 3.51 10.54 94.95 

GPTGG Zenith delay + Gradients 3.39 8.87 97.14 

 
AMF 

AMFXF all parameters fixed 4.24 13.16 94.45 

AMFXZ Zenith delay 3.49 10.34 95.29 

AMFXG Zenith delay + Gradients 3.36 8.83 96.66 

Table 3 
Experiment 

Adjusted 
Parameters 

Latitudes 
(mm) 

Longitudes 
(mm) 

Heights 
(mm) 

GPTGZ Zenith delay 2.58 2.19 6.38 

GPTGG 
Zenith delay 
+ Gradients 

1.98 1.74 5.81 

AMFXF None 2.62 2.32 12.0 

AMFXZ Zenith delay 2.02 1.87 6.20 

AMFXG 
Zenith delay 
+ Gradients 

1.30 1.18 5.70 

6 – Mean Repeatability (all sites) 

3 – Orbit Repeatability, Phase Residuals and Resolved Integer Ambiguity 

Several experiments summarized in the table 2 below were 
realized: the models were kept unmodified (GPTGF, AMFXF), 
the zenith delay (GPTGZ, AMFXZ) and additionally gradients 
(GPTGG, AMFXG) thanks to the mapping function formalism, 
were simultaneously adjusted at the observation level to all 
parameters: GPS orbits, 100 sites, clocks, ambiguities, ... 

When zenith delays or zenith delays and gradients are 
adjusted with all other parameters, orbit repeatability, phase 
residuals and solved integer ambiguities indicates that AMF 
and GPT2+VMF1 provide solutions with the same accuracy. 
The AMFXF model, even if all AMF parameters are kept fixed, 
already provides reliable orbits and clocks solutions. 
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