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1 - Introduction

The electromagnetic signals emitted by the satellite positioning | The method for determining GPS orbits and sites positions is
systems travel at the speed of light in a straight line in a vacuum | the methodology defined by the CNES/CLS Analysis Center for

but are modified

atmosphere by temporal and spatial
composition and refractivity. These waves are slowed down and | satellites, the parameters of the solar radiation pressure 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 (ECMWEF)
in the framework of realizing the geodetic reference frame. This
iIs achieved by modeling the spatial variability of the
propagation using the time variable three-dimensional physical

goal

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,,
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 n
based on hundred sites using the GINS software. : i | |||

Latitude (degrees)
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2 - Methodology and Results

in their propagation through the neutral | the IGS campaign REPRO2 and ITRF 2014 (Loyer et al., 2012).
changes of density, | Estimated parameters are the position and speed of the GPS

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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South Pole  Tropics North Pole
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 103 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 experiment with adjusted gradients improve the
phase residuals by several millimeters. RMS of phase residuals
1022 mm in the tropics and 82 mm at mid and high-latitudes.
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Code Site Name, Country A(9) p (°) h (11‘1_) Code Site Name, Country /\ (") e (°) h (m) Code Site Name, Country A(9) @ (°) h (11‘1} R IVI S f d 1 t t f t h 1 t h I d I
MCMA4 Ross Island, Antarctica 166.6693 8383 98.022 HYDE Hyderabad, India 5509 | 17.4173 | 441.6800 STJO St. John’s, Canada 307.3223 | 47.5952 | 152.8000 —_— LPGS CHPI O a J u S m e n S O e Ze n I a e ay
SYOG East Ongle Island, Antarctica 39.-383 -(J IJ[} 70 50.0¢ ]U CRO1 | Christiansted, Virgin Islands, U.S. J —11 17.7569 | -31.9558 ULAB Ulaanbataar, Mongolia 107.0500 | 47.6700 1(11 000 E 10
DAV1 Davis, Al‘ltarctica 7.9726 | -68.5773 44.5000 SCUB Santiago de Cuba, Cuba 28-‘1.237? 2[].(]121 21.9000 ALBH Victoria, Canada 236.5126 | 48.3898 32.0000 E
MAW1 M , Antar 6 8707 | -67 ((}-18 ) 1 40 MAUI Haleakala, Maui, U.S. 203.7430 | 20.7067 | 3062.0000 WTZZ Bad Koetzting, Germany 12.8789 | 49.1442 | 665.8900 = B AMFXZ
CAS1 —X 1ita 110.5197 | -66.2834 5500 KOKB Kokee Park, '\-‘\"1i1'1‘1(‘af U.sS. 200.3351 | 22.1263 | 1167.5216 DRAO Penticton, Canada 240.3750 | 49.3226 | 542.0000 o
OHI3 O'H ~\ t 302.0986 | -63.3211 3 1 500 YIBL Yibal, O 56.1123 | 22.1865 | 95.1000 WSLR Whistler, Canada 237.0788 | 50.1265 JUJ 0000 L F] THTI BRAZ AMEXG
MAC1 Mac Q 1 Sot 1 O 158.9358 | -54.4995 | -6.6900 TWTF Taoyuan, Re 1 H f C} 121.1645 | 24.9536 | 203.1220 DUBO Lac du Bonnet, Canada 264.1338 | 50.2588 | 251.0000 E STR1 SCUB
KERG Por F s, Kerguc 1 1 Is 1 1 70.2555 | -49.3515 | T74.0583 MAS1 l\I aspalomas, Spa 344.3667 | 27.7637 | 197.3000 HERS Hailsham, U.K. 0.3362 | 50.8673 | 76.5000 m 8 |V|
QUSs2 D 1 N Z aland 170.5109 | -45.8695 | 26.1000 WUHN Wuha PR Chir 114.3573 | 30.56317 | 28.2000 HERT Hailsham, U.K. 0.3344 | 50.8675 83.3000 _|'=_, GUA
HOB2 H ba A ralia 14 4387 | -42.8047 | 41.1270 MDO1 Fort Davis? U.S. 955.9850 | 30.6805 | 2004.4761 BOR1 Borowiec, Poland 17.0668 5‘2.1I.J0 124.0000 = YAKT
CONZ Co C} ile 286.97 4 -36.8438 | 181.2000 SHAO Sheshan, China 121.2004 | 31.0996 | 22.0901 IRKJ Irkutsk, Russia 104.3162 | 52.2190 | 502.1000 E
AUCK | Whangapa Pf‘ sula, N w Zealand 174.8344 -36.6028 | 132.7110 MONP Laguna Mountains, U.S. 243.5800 | 32.8900 | 1842.5500 POTS Potsdam, Germany 13.0661 | 52.3793 | 174.0000 @ KERG KELY
TIDB T H nhilla, —\ ralia 148.9800 | -35.3992 | 665.3719 RABT Rabat, Morocco 353.1457 | 33.9981 90.1000 FLIN CFS FLI\ FLO\ Canada 258.0220 | 54.7256 | 320.0000 £
STRI1 Canberra, Aus t alia 149.0109 | -35.3155 | 800.0320 JPLM Pasadena, U.S. 241.8268 | 34.2048 | 423.9843 ARTU Arti, Russia 58.5605 | 56.4298 | 247.5110 = 6 TLSE WSLR
LPGS La Pl -\ gentina 302.0677 | -34.9067 29.9[]()[] PIE1 Pie Town, U.S. 251.8811 | 34.3015 | 2347.7109 RIGA R.iga‘ Latvia 24.0587 | 56.9486 | 34.7000 q6
SANT Santiago, Chile 289.3314 | -33.1503 | 723.0746 NICO Nicosia, Cyprus 33.3964 | 35.1400 | 155.0000 ONSA Onsala, Sweder 11.9255 | 57.3953 | 45.5000 ﬂ MAW1
SUTH Sutherland, South Africa 20.8105 | -32.3802 l 99.7659 GOLD Goldstone, U.S. 243.1107 | 35.4252 | 986.6779 MARG6 Maartsho, Sw l 17.2585 | 60.5951 75.4000 [
PERT Perth, Australia 115.8852 | -31.8019 12.9200 SFER San Fernando, Spain 353.7944 | 36.4643 85.8000 QAQ1 | Qaqorto ] 1lia l ] G nland | 313.9522 | 60.7152 | 110.4000 @
ISPA Easter Island, Chile 250.6556 —27,1250 112.4948 PDEL Ponta Delgada, Portugal 334.3372 | 37.7477 | 110.8000 YAKT ‘_1 aku tsk Russia 129.6803 | 62.0310 | 103.3700 E a
HARB Pretoria, South Africa 27.7075 | -25.8869 555.0000 AMC2 Colorado Springs, U.S. 255.4754 | 38 8031 1912.4898 YELL Yellowknife, C 1 245.5193 | 62.4809 | 181.0000 [}
ALIC Alice Springs, Australia 133.8855 -23.6?(]1 603.3581 GODE Greenbelt, U.S. 283.1732 | 39.0217 | 14.5046 REYK Reykjavik, Ic 1 nd 338.0445 | 64.1388 | 93.1000 =,
CHPI Cachoeira Paulista, Brazil 315.0148 | -22.6871 | 617.4176 KIT3 Kitab, Uzbekistan 66.8800 | 39.1400 | 643.0000 HOFN H efn, Iceland 344.8132 | 64.2673 82.5000 E
REUN Le Tampon, France 55.5717 | -21.2083 | 1558.4000 BIJFS Fangshan, China 115.8925 | 39.6086 87.4130 FAIR Fairbanks, U.S. 212.5008 | 64.9780 31Jl 71 qs
TOW?2 Cape Ferguson, Australia 147.0557 | -19.2693 88.2349 ANKR Ankara, Turkey 32.7586 | 39.8875 | 974.8000 KELY Kangerlussuaq, Greenland 309.0552 | 66.9874 | 229.8000
THTI Papeete, French Polynesia 210.3937 | -17.5769 98.0400 VILL Villafranca, Spain 356.0480 | 40.4436 | 647.5000 KIRU Kiruna, S‘ﬂ-t’.df)ll 20.9684 | 67.8573 | 391.1000 E 2
AREQ Arequipa, Peru 288.5072 | -16.4655 | 2488.9226 MATE Matera, Italy 16.7045 | 40.6491 | 535.6000 INVK Inuvik, Canada 226.4730 | 68.3062 | 46.3600 e
BRAZ Brasilia, Brazil 312.1222 | -15.9474 | 1106.0413 WES2 Wes tf 1 U. S 288.5067 | 42.6133 | 85.0000 NRIL Norilsk, Russia R 2.3508 | 69.3618 | 47.8937
DARW Darwin, Austral 131.1327 —12,8'—1137 125.1965 POL2 Bishkek, Kyrghy 74.6943 | 42.6798 1 14 2000 TRO1 Tromsoe, Nol‘“ ay 18.9396 | 69.6627 | 138.0000
DGAR Diego Garcia Island, U.T 72.3702 2697 -64.7455 TLSE Toulouse, France 1.4809 | 43.5607 .2000 HOLM | Ulukhaktok, Victoria Island, Canada | 242.2391 | 70.7364 | 39.5000
BAKO Cibinong, Indor 106.8500 b 4900 158.1800 NRC1 Ott C ada 284.3762 | 45.4542 R 5000 TIXI Tixd, Rll‘%‘iizi 128.8664 | 71.6345 | 46.9847
MBAR Mbarara, Ugand 30.7379 | -0.6015 | 1337.6533 ALGO Algo q P k C ada 281.9286 | 45.9588 | 202.0000 RESO | Resolute, Cornwallis Island, Canada | 265.1067 | 74.6908 3-1 9000 0
KOUR Kourou, French G 307.1940 | 5.2522 -25.5700 ZIMM Zimmerwald, Sw 1 and 7.4653 | 46.8771 | 956.7000 NYAL N %1 nd, Nor 11.8700 | 78.9300 2.0000 D ° D
11SC Bangalore, Tnd 77.5704 13 0212 | 843.7145 YSSK Yuzl‘mc:—Sakhahnsk. R.nssia 142.7167 | 47.0297 | 91.2887 ALRT Alert, Ellesmere Tslar 1 ( ada | 297.6595 | 82.4943 m 1100 SO ut ’] O e Tro p | CS N O rt ’] O e
GUAM Dededo, Gua 144.8683 | 13.5893 | 201.9220 GRAZ Graz, Austria 15.4935 | 47.0671 | 538.3000

Table 1: Cooro

inates 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

©MON

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.




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
thanks to the mapping function formalism,
were simultaneously adjusted at the observation level to all
parameters: GPS orbits, 100 sites, clocks, ambiguities, ...

Table 2
Model

Adjusted Parameters

GPTGF all parameters fixed
GPT2+ GPTGZ Zenith delay
VMF1

AMFXF all parameters fixed
AMF AMFXZ Zenith delay

Orbit Repeatability

RMS (cm) RMS (mm) Ambiguity (%)
246.22 72.83 -
3.51 10.54 94.95
4.24 13.16 94.45
3.49 10.34 95.29

When zenith delays or 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.

Phase residuals Resolved Integer

4 - Site Repeatability
In the vertical direction

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.

Atmosphere and the Earth. The rigorous interpolations of

5 - Site Repeatability
In the horizontal directions

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

atmospheric physical parameters and the realistic anisotropy
included in Adaptive Mapping Functions lead to this result.
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6 - Mean Repeatability (all sites)
Table 3 Adjusted | Latitudes | Longitudes : ‘ | > EAST
Experiment| Parameters (mm) (mm) l'
GPTGZ  Zenith delay 2.58 2.19 K ' |
zent ——
GpTGG Zenthdelay ) g 1.74 5.81 A
+ Gradients s o
E.-z A | l e AM X G
AMFXZ  Zenithdelay = 2.02 1.87 6.20 ) ‘ !‘.- WY
Zenith delay U\ V) AA‘
AMEX . 1. 1.1 v ' ™\ VAV
. + Gradients - ; o0 \/ VY
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