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Chapanov and Georgiev: Secular drifts of the low degree zonal coefficients... 

Analysis of laser ranging data to the geodynamic satellites Lageos 1 and Lageos 2 for the period 1984 – 2000
I. Georgiev, Ya. Chapanov

Central Laboratory of Geodesy, BAS, Sofia 1113, Acad. G. Bonchev str., Bl. 1
e-mail: ivan@argo.bas.bg

Abstract.  Long series of laser ranging data to the geodynamic satellites Lageos (LAser GEOdynamic Satellite) 1 and 2 with spanning periods April 1984 - December 2000 and January 1993 - December 2000, respectively, are processed and analyzed. The data reduction and analysis of the observations are made by the new version - 4.0 of the program SLRP (Satellite Laser Ranging Processor), developed at the Central Laboratory of Geodesy (CLG). In the new version of the program some new dynamic models are included and the parameters estimation strategy is refined. The solution obtained, beside coordinates and velocities of the laser stations and Earth Orientation Parameters (EOP), contains estimates of some Earth’s dynamic and geometric parameters, such as: geogravitational constant; part of the Earth’s geopotential coefficients; Love and Shida numbers; amplitudes and phases of the ocean tides; parameters connected with the satellites motion and laser observations modeling. The present paper shortly describes the laser ranging data processing emphasising on the improvements made, both in the orbital dynamic and parameters estimation strategy. Some of the important results derived are outlined.
Key words:  Satellite Laser Ranging, dynamic and geometric parameters of the Earth

Introduction
The SLRP orbital dynamic and estimation software developed at the CLG (Kotzev and Georgiev, 1990, Georgiev and Kotzev, 1993) gives great opportunities to investigate the shape, size and dynamics of the Earth and its interaction with the atmosphere and oceans. The Satellite Laser Ranging (SLR) is the most accurate present-day space technique for determination of the absolute geocentric coordinates of the tracking sites and their motion with respect to the geocenter; determination of the Earth’s gravity time variations; absolute vertical motions monitoring, which in turn gives an opportunity to estimate long period climate changes - post-glacial rebound. The observatories equipped with laser ranging systems are an integral part of the international set of observation sites including VLBI (Very Long Baseline Interferometry), GPS (Global Positioning System), GLONASS (Global Navigation Satellite System), and DORIS (Doppler Orbit determination and Radio positioning Integrated on Satellite).

From 1993 CLG operates as a Satellite Laser Ranging Analysis center of the International Earth Rotation Service (IERS) and annually, on a regular basis, sends the obtained estimates for coordinates and velocities of the tracking sites and EOP to the Terrestrial Reference Frame (TRF) section at the Institut Geographique National (IGN) and the IERS Central Bureau. We have to mention here that in every annual processing cycle qualitative and quantitative new results are obtained because of increasing the time span and the number of the observations and laser stations themselves, also because of the continuous improvement of the dynamical and geometrical models used, as well as including new unknown parameters in the solution. The result’s quality is greatly improved by including the second satellite – Lageos 2 in the analysis. In the latest version of the SLRP software – 4.0, a number of new elements are included, which expand significantly its possibilities and flexibility for scientific investigations.

The goal of the paper is to describe shortly the laser ranging data processing with emphasis on the improvements made in the program SLRP 4.0, both in the orbital dynamic and parameters estimation strategy and to outline some of the important results. 

The data used

The present global solution is obtained by analyzing the laser ranging data to Lageos 1 satellite covering the period April 1984 – December 2000, and Lageos 2 satellite for the period January 1993 - December 2000. The observations acquired before 1984 (Lageos 1) are not included in the processing because of their low quality, sparseness and presence of periods with no observations at all. The total number of observations used is 1407896, 1378277 of them are three minutes normal points, and 29619 are single shots. About a million are the observations of Lageos 1 and 400 000 – of Lageos 2. The month with the very sparse data (1888 normal points) is February 1985. 
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Fig. 1.  Laser stations incorporated in the solution.
Since 1993 the monthly normal point number varies between 5 and 14 thousands. Up to 1993 days without observations exist, as well as days with insufficient (less than 100) observations, which causes difficulties in the EOP determination. After 1993 the mean daily amount of observations is over 200 and that improves significantly the EOP accuracy and allows decreasing the interval of the EOP estimation. The observations are made from 94 laser sites with global coverage: 48 of them lie on the Eurasian plate, 22 – on the North American plate, 5 – on the South American plate, 6 – on the African plate, 4 – on the Australian plate, 7 – on the Pacific plate, 1 – on the Nazca plate and 1 on the Anatolian plate (Fig.1 and Fig.13). Permanent stations are 37 and mobile – 57.

Fourteen couples of stations, as well as three groups with 3, 4 and 6 stations, are located close to each other with distances of some kilometers – the so-called collocated stations (Table 1). For each of these stations in a group a common velocity is estimated, because the values of the local motions are negligible in comparison with the expected global motions. The velocities of 9 laser sites are not estimated due to the small number of observations in a short time span.
	Name
	Station number
	Name
	Station number

	Washington
	7105, 7106, 7125, 7130, 7918, 7920
	Yarragadee
	7090, 7847

	Wettzel
	8834, 7834, 7596, 7597
	Matera
	7939, 7541

	Fort Davis
	7080, 7086, 7850
	Kootwijk
	8833, 7833

	Potsdam
	7836, 1181
	Maydanak
	1863, 1864

	Grasse
	7835, 7845
	Katzively, Simeis
	1893, 1873

	Kagliary
	7548, 7545
	Riga
	1884, 1885

	Arequipa
	7403, 7907
	Huahine
	7121, 7123

	Santiago
	7400, 7404
	Canberra, Mount Stro
	7843, 7849

	Quincy
	7109, 7886
	
	


Table 1.  Stations with equal velocity restriction.

Dynamic and geometric models used in the processing 

The dynamic and geometric models used in the processing are described in Table 2. These models follow almost exactly the IERS Standards (1996). The global Terrestrial Reference Frame (TRF) is realized by fixing the latitude of Haleakala (7210) and longitude and latitude of Greenbelt (7105) and Matera (7939) at their ITRF97 values and using the a priori EOP values from IERS Bulletin B. For the last day of each month (orbital arc) the UTC-UT1 values are fixed to their IERS Bulletin B values due to a full correlation between the satellite node and UT1. The time evolution of the coordinate system is constrained by adopting the ITRF97 rates for Haleakala (7210) and Greenbelt (7105).
The choice of these stations lies on their continuous and homogeneous tracking data history. They are located on two of the major continental plates and their ITRF97 velocities are in a very good agreement with the geological NUVEL1A NNR model (DeMets, et al., 1994). The scale of the TRF is determined by the a priori value of the Earth’s gravitational constant and this parameter is also solved for.

	Celestial reference frame:
	

	Nature: 

Definition of the orientation: 
	dynamical - Lageos 1 and Lageos 2
by fixing each month the last day UTC-UT1 values at IERS Bulletin B.

	Terrestrial reference frame: 
	SSC ITRF97

	Velocity of light:
	299 792 458 m/s

	GM
	3.986004418 1014 m3/s2

	Permanent tidal correction:
	applied

	Definition of origin:
	geocentric

	Definition of orientation:
	by fixing the latitude of Haleakala (7210) and longitude and latitude of Greenbelt (7105) and Matera (7939) at their ITRF97 values

	Reference epoch:
	1997.0

	Tectonic plate model:
	ITRF97 velocity field

	Constraint for time evolution:
	by adopting the ITRF97 rates for Haleakala(7210) and Greenbelt (7105)

	Earth orientation:
	a-priori IERS Bulletin B values

	A priori precession model:
	IAU(1976)

	A priori nutation model:
	IAU(1980) and dPsi and dEpsilon corrections from IERS Bulletin B

	Short period tidal variations in x, y, UT1:
	tidal variations in UT1 caused by zonal tides with periods up to 35 days not modeled


Table 2.  Reference frames, constants and models used in the solution.

In comparison with previous versions, the improved program SLRP, Version 4.0, contains the following major improvements:

(some new orbital motion models are implemented in the program: perturbations due to general relativity; perturbations due to polar motion induced changes in the Earth potential - the polar tide; perturbations due to the influence of the non-spherical Moon on the solid Earth and on the satellite – the so-called “indirect perturbation effect from the non-spherical Moon”;

(the coordinates of the Sun, Moon and planets are computed from the fundamental Development and Lunar ephemeredes 403 - DE403 и LE403 (Standish et al., 1995);

(in the model of the laser observation the relativistic effect for propagation due to space-time curvature near a massive body is included according to the IERS Standards (McCarthy, 1996);

(there is a possibility to analyze simultaneously tracking data from multiple satellites which improve the result’s quality (see below).

Estimated parameters. Strategy of the processing

The estimated parameters in our solution are listed in Table 3.

	Dynamical frame:
	orbital state vector every month; 
along track acceleration twice per arc;
solar radiation pressure coefficient twice per arc;

	Terrestrial frame:
	X0, Y0, Z0, XDOT, YDOT, ZDOT;

	Earth orientation:
	x, y, UT1 every day;

	Others:
	geogravitational parameter GM0; 
selected set of 10 geopotential harmonics, including C20;
selected ocean loading parameters;

station’s range biases (fixing 7939);
station’s time biases (fixing 7939).


Table 3.  Estimated parameters.
For the parameters estimation the Bayesian adjustment scheme, consisting of several steps, is used.

First, for each orbital arc the observational equations are created, the tracking data are checked, the outliers are rejected and the normal matrices are formed and stored. The number of normal matrices in the present processing is 201. For the data quality check within the orbital arc a special procedure of estimation of different combinations of global and arc dependent parameters is used. The ratio of 1:0.01 between the normal points and single shots weights is chosen in order to give reliable influence of the single laser observations on the results.

In the second step, the arc dependent parameters – initial states, various orbit dynamic and laser range parameters, are eliminated and the normal matrices with global parameters are stored. These matrices are combined, in the third step, to obtain a solution for the global parameters.

The present global solution consists of estimates about the geocentric coordinates of 94 and velocities of 60 laser sites; Love and Shida numbers; the Earth’s gravity constant – GM; three zonal harmonic coefficients – C20, C30, C40 and fourteen, from C21, S21 to C42, S42, tesseral and sectorial harmonic coefficients of the Earth’s gravity field; coefficients of the ocean tides for diurnal waves Q1, O1, P1, K1, semi-diurnal waves N2, M2, S2, K2 and long periodic waves SSa, MM, MF.

In the fourth step, the “improved” estimates for the specific orbital arc parameters are determined: six initial states for each satellite, orbital dynamic coefficients and laser tracking specific parameters – range and time biases. The pole coordinates and UT1-UTC differences for each day are also determined here. The rates of daily changes of the EOP are computed from obtained estimates. Finally, the root mean square (rms) of unit weight and the orbital fit are computed.

In the processing the following rather empirically extracted constraints are implemented: 

(the following parameters are constrained:

(the pole coordinates and UT1-UTC, when the number of all observation for the day is less than 60;

(the range bias, when the monthly number of observations from a given station is less than 70;

(the time bias, when the monthly number of observations from a given station is less than 120.
Results and discussion

The number of unknown parameters in the simultaneous processing of the two satellites is 27775 and the rms of the global solution is 6.9 cm. When forming the monthly matrices, typically 5% to 10% of the observations are rejected. Solving the monthly normal matrices we have “monthly” estimates for the parameters, the so-called monthly solutions, and estimates for the orbital fit. The monthly orbital fit is an illustration about the increasing observations quality in time and the adequacy of the dynamical and geometrical models used. Figure 2 shows the monthly orbital fit to the satellite orbits for the period 1984-2000.
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Fig. 2.  Monthly orbital fit to the satellite orbits.
Up to 1993 the fit expresses the processing of Lageos 1 observations only, after 1993 – simultaneous processing of both satellites. For the greater part of the covered period the monthly orbital fit varies from 1 to 5 cm and only for separate months it reaches values above 9 cm. For the first half of the period the mean fit is less than for the second half. In the second half of the period, after MJD 48988, when both satellites are observed, the estimates for the monthly fit vary within 3 to 7 cm. In our opinion, in spite of a certain increasing of the monthly fit in this period, the estimates for the parameters are more realistic. Such a conclusion arises from the behavior of the estimates for the global parameters in monthly solutions. As an illustration, on Figure 3 the monthly estimates of the second zonal harmonic С20 are shown. 
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Fig. 3.  Monthly estimates for the second - C20 and fourth - C40 zonal harmonics. The a priori values are shown with dash lines.

The estimates obtained from Lageos 1 tracking data only vary in a wide range – from –484.216x10-6 to –484.078x10-6 with a mean error about (0.019x10-6, whereas the estimates obtained simultaneously from both satellites data are in a closer range - from –484.170x10-6 to –484.156x10-6 with a mean error (0.0023x10-6. A similar behavior shows the estimates of the fourth zonal harmonic С40, as well as estimates for a part of the ocean tides coefficients.
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Fig. 4.  Monthly estimates for the coefficients of P1 tide wave. 
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Fig. 5.  Monthly estimates for the coefficients of K1 tide wave.
SLR observations have been used to estimate the tidal contribution to the gravity field (Beutler et. al., 1997). In our solution we solve for 22 coefficients of the ocean tides. Regardless the fact that ocean tides and solid Earth tides cannot be separated using the SLR data alone, but are lumped together in the solution, some inferences can be drawn from their behavior and the impact of their estimation on the derived results can be taken into account. Figures 4-7 show the monthly corrections to the a priori values of the coefficients С21 and S21 of diurnal waves P1 and K1 and semi-diurnal waves S2 and K2. 
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Fig. 6.  Monthly estimates for the coefficients of S2 tide wave.
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Fig. 7.  Monthly estimates for the coefficients of K2 tide wave.
The corrections of the diurnal waves are significant especially for the wave K1 – up to (3 cm. The corrections of the semi-diurnal waves S2 and K2 are up to (1 cm and they show the same behavior like the mentioned above zonals - their corrections were realized in a few millimeters range for the months with observations of both satellites. It means that a part of the unknowns get corrections in the first half of the period, from 1984 to the end of 1992, which absorb errors in the dynamical models used, and mainly errors in the gravity field model. As a result, the monthly fit to the orbit of Lageos 1 seems better during this period while some of the parameters tend to get unrealistic corrections. The inclusion of the second satellite in the analysis improves to a great extent the quality of the results as can be directly seen in the better congruence of the monthly estimates of the global parameters to their values from the multiyear solution.

SLR tracking to Lageos satellites provided the most accurate determination of the Earth’s gravitational coefficient (GM) (Beutler et al., 1997). The accurate determination of the GM parameter is vital for the definition of the absolute scale of the geocentric reference frame. GM is currently known to 2 ppb (parts per billion) which correspond to about 1 cm in scale uncertainty for tracking stations (Beutler et al., 1997). Our global estimate for the GM parameter is very close to its a priori value (McCarty, 1996) and has rms of the same magnitude – 1 ppb. On Fig. 8 the monthly estimates for GM are plotted. 


Fig. 8.  Monthly estimates of the total mass (GM) parameter. The a priori value is shown with the dash line. The labels on the vertical axis show the last two digits of the value in dimension 107 m3(s2. 
They all are in the range between 398600.43 to 398600.45 ( 109 m3(s2 with only a few exceptions indicating both the dynamic and geometric model consistency.
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Fig. 9.  Path of the pole from 1984 till 2000.
The EOP are determined each day for which the number of the observations is greater than 65. For the nodes determination of the two satellites one UT1-UTC value is fixed to its a priori value from the IERS Bulletin B for the last day of the current month. In case when the number of normal points for that day is less than 65, one or two values for corresponding days are fixed additionally. 

Figure 9 shows the every day pole coordinates estimates for the period 1984-2000 and on Figure 10 their corresponding errors are also demonstrated. Pole coordinates errors are less than 1 marcsec, the maximum values for x are within 1(2 marcsec, and for y - within 2(3 marcsec.

The rate of change for the length of the day - dLOD/dt is computed from UT1-UTC derived estimates. The results are shown on Figure 11. 


Fig. 10.  Rms errors for the x and y pole coordinates.

Fig. 11.  dLOD/dt values and their corresponding rms errors.
Тhe errors of dLOD/dt vary to about 0.03 (sec/d and these values do not exceed 0.15 (sec/d after including the second satellite. Here we have to notice that both the estimates of the pole coordinates, as well as the rate of change of the length of day values are very close to the solution C04 of IERS.

	R1
	R2
	R3
	S.10-9
	T1
	T2
	T3

	[marcsec]
	
	[mm]

	0.87
	-1.06
	0.71
	3.6
	-28
	14
	-16

	(0.61
	(0.64
	(0.55
	(2.3
	(16
	(15
	(15


Table 4.  Seven-parametric transformation between global solution CLG(SSC) L 01 and ITRF97. 

The quality of the derived station coordinates and the solution as a whole are illustrated by the seven-parametric transformation between our solution CLG(SSC) 01-L-01 (the designation of the CLG solution according to the IERS 
[image: image3.png]



Fig. 12.  Global velocity solution CLG(SSV) 01 L.
requirements) and ITRF97 - Table 4. The fit to the coordinate axes is shown in Table 5.
	X
	Y
	Z
	R

	[mm]

	1
	2
	6
	3


Table 5.  Fit of the seven-parametric transformation on the coordinate axes and common fit.
The obtained velocities of the laser sites are shown on Figure 12 for all over the world and on Figure 13 for the European sites.
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Fig. 13.  Site velocities for the European sites.
Conclusions

The Version 4.0 of SLRP program contains new possibilities which improve significantly its capabilities to investigate the dynamics of the Earth and its interaction with the atmosphere and oceans. The force model of the satellite motion is refined including perturbations due to relativistic effects, changes of the Earth’s potential due to polar motion, and the non-spherical Moon indirect perturbation. In the laser observation model the relativity effects are included, due to space-time curvature deflection.

The possibility for multiple satellite data reduction and analysis is of special importance for the result quality.
In the model of the dynamic partials the coefficients of the ocean tides and solid Earth tides are included.

We can draw the following conclusions about the obtained results and their analysis: 

(The rms of the global solution (6.9cm) and the results of seven-parametric transformation indicate the high quality of the obtained solution. The orbital fit is within 1 to 5 cm for a great part of the monthly solutions;

(Some of the estimated parameters are most sensitive to defects of the dynamical models of the satellite motion and absorb a great part of their errors. Such parameters are coefficients of the ocean tides, the even zonal harmonics of gravity potential, and corrections for time biases of laser stations.

(The use of satellites with different orbit inclinations stabilizes the solution and decreases the error influence on the estimates of a part of the unknowns. That is developed mainly in the estimation of the even zonal harmonics of the gravity potential. 

(The obtained velocities of the laser stations show the great possibilities of the method in investigation of the recent geodynamic processes on a global and regional scale.

(The estimation of EOP for each day gives a possibility to investigate the short periodic variations in the pole motion and length of the day.
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Анализ на лазерните наблюдения на спътниците Lageos 1, 2 за периода 1984 – 2000
И. Георгиев, Я. Чапанов
Резюме.  Извършена е обработка на дълъг ред лазерни наблюдения на геодинамичните спътници LAGEOS 1 и 2 за периодите април 1984 г. – декември 2000 г. и януари 1993 – декември 2000 съответно. Обработката и анализът на наблюденията са извършени с новата версия – 4.0 на програмата SLRP (Satellite Laser Ranging Processor), разработена в Централната лаборатория по висша геодезия. В новата версия на програмата са включени някои нови динамични модели и е подобрена стратегията на оценяване на параметрите. Оценени са координатите и скоростите на наблюдателните станции, съвместно с редица динамични и геометрични параметри, свързани с движението на спътниците, част от коефициентите на земния гравитационен потенциал, числата на Love и Shida, амплитудите и фазите на океанските приливи и систематичните грешки на лазерните измервания. В статията е описана накратко използваната методика за обработка на наблюденията с ударение на извършените подобрения в динамиката на орбитата и стратегията на оценяване на параметрите. Описани са някои по-важни резултати от оценяването на неизвестните.
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