arXiv:1307.0753v1 [gr-qc] 30 Jun 2013

Novel considerations about the error budget of the LAGEOS-based tests of frame-dragging with GRACE geopotential models

Lorenzo Iorio^1

Ministero dell’Istruzione, dell’Università e della Ricerca (M.I.U.R.)-Istruzione International Institute for Theoretical Physics and Advanced Mathematics Einstein-Galilei Fellow of the Royal Astronomical Society (F.R.A.S.)

Matteo Luca Ruggiero^2

Dipartimento di Fisica, Politecnico di Torino, and INFN-Sezione di Torino

Christian Corda^3

International Institute for Theoretical Physics and Advanced Mathematics Einstein-Galilei

Abstract

A realistic assessment of the uncertainties in the even zonals of a given geopotential model must be made by directly comparing its coefficients with those of a wholly independent solution of superior formal accuracy. Otherwise, a favorable selective bias is introduced in the evaluation of the total error budget of the LAGEOS-based Lense-Thirring tests yielding likely too optimistic figures for it. By applying a novel approach which recently appeared in the literature, the second (ℓ = 4) and the third (ℓ = 6) even zonals turn out to be uncertain at a 2 − 3 × 10^{−11} (ℓ = 4) and 3 − 4 × 10^{−11} (ℓ = 6) level, respectively, yielding a total gravitational error of about 27−28%, with an upper bound of 37−39%. The results by Ries et al. themselves yield an upper bound for it of about 33%. The low-degree even zonals are not exclusively determined from the GRACE Satellite-to-Satellite Tracking (SST) range since they affect it with long-period, secular-like signatures over orbital arcs longer than one orbital period: GRACE SST is not accurately sensitive to such signals. Conversely, general relativity affects it with short-period effects as well. Thus, the issue of the a-priori “imprinting” of general relativity itself in the GRACE-based models used so far remains open.

Key words: experimental studies of gravity, experimental tests of gravitational theories, satellite orbits, harmonics of the gravity potential field

Preprint submitted to Elsevier 3 July 2013

PACS: 04.80.-y, 04.80.Cc, 91.10.Sp, 91.10.Qm

1 Introduction

According to the weak-field and slow-motion approximation of general relativity (Rindler, 2001), matter-energy currents concur to generate the overall gravitational field with an own peculiar contribution usually dubbed “gravitomagnetic” (Thorne, 1988; Rindler, 2001; Mashhoon, 2007) because of its formal resemblance to the magnetic field induced by electric currents in the framework of the linear Maxwellian electromagnetic theory. In the case of a slowly rotating body with proper angular momentum L like, e.g., our planet, its gravitomagnetic field (Thorne et al., 1986; Thorne, 1988; Mashhoon et al., 2001), proportional to L, affects the motion of a test particle orbiting it with a non-central, Lorentz-like force which causes small secular precessions of the longitude of the ascending node^4 Ω and the argument of pericenter^5 ω of its orbit: they are usually known as the Lense-Thirring effect (Lense and Thirring, 1918).

Cugusi and Proverbio (1977, 1978), for the first time, put forth the idea of measuring these effects in the terrestrial gravitational field by using the nondedicated passive geodetic satellite LAGEOS (McNair et al., 1975), launched in 1976 and tracked with the Satellite Laser Ranging (SLR) technique (Pearlman et al., 2002), along with other SLR targets. The first practical attempts to implement such an idea date back to the mid 90s (Ciufolini et al., 1996, 1997a,b, 1998; Ries et al., 2003a). In them, the data of the nodes of LA- GEOS and LAGEOS II (Grayzeck, 2011), launched in 1992, and the perigee of LAGEOS II were suitably dealt with according to a strategy proposed by Ciufolini (1996). Actually, the orbits of the LAGEOS satellites are not only

∗ Corresponding author

Email address: lorenzo.iorio@libero.it (Lorenzo Iorio). URL:

http://digilander.libero.it/lorri/homepage of lorenzo iorio.htm

(Lorenzo Iorio).

1 Address for correspondence: Viale Unità di Italia 68, 70125, Bari (BA), Italy 2 Address for correspondence: Corso Duca Degli Abruzzi 24, 10129 Torino, Italy 3 Address for correspondence: Via Santa Gonda 14, 59100, Prato, Italy 4 Ω is an angle, in the reference plane {x, y}, between a given reference direction x in it and the line of the nodes, which is the intersection of the satellite’s orbital plane with the reference plane {x, y} (Roy, 2005).

5 ω is an angle, in the orbital plane, between the line of the nodes and the point of closest approach to the central body, generally denoted as pericenter (Roy, 2005).

affected by the gravitomagnetic field of the Earth but also by a host of competing classical forces of gravitational (Kaula, 1966) and non-gravitational (Milani et al., 1987) origin, so that a realistic assessment of the total error budget in such tests is not a trivial task. In the most recent attempts (Ciufolini and Pavlis, 2004; Ciufolini et al., 2006; Ries et al., 2009), summarized by their authors in (Ciufolini, 2007; Ciufolini et al., 2009, 2010a, 2011), a linear combination of the nodes Ω of both LAGEOS and LAGEOS II was adopted^6 (Pavlis, 2002; Ries et al., 2003a,b; Iorio and Morea, 2004; Iorio, 2006). Such a combination was specifically designed to remove the biasing impact of the first even (ℓ = 2, 4, 6, . . .) zonal (m = 0) harmonic coefficient J_2 of the multipolar expansion of degree ℓ and order m of the Newtonian part of the terrestrial gravitational potential (Kaula, 1966; Heiskanen and Moritz, 1967). However, the other even zonals of higher degree J_4, J_6, J_8, . . . do have an impact on the combination adopted depending on the level of mismodeling in them. Generally speaking, the even zonal multipoles of the geopotential induce biasing of secular precessions of the satellites’ nodes which, for the lowest degrees, are nominally much larger than the Lense-Thirring ones. The normalized Stokes coefficients^7 C_{ℓ,m}, S_{ℓ,m} of the geopotential are simultaneously estimated as solve-for parameters of global solutions (ICGEM, 2011) in which huge amounts of data from dedicated spacecrafts are processed; latest improvements brought in by the ongoing Gravity Recovery and Climate Experiment (GRACE) mission (Tapley and Reigber, 2001; Tapley et al., 2004) allowed reduction of the magnitude of the biasing of the even zonals signature with respect to the earlier tests (Ciufolini et al., 1997b, 1998; Ries et al., 2003a), when less accurate global gravity field models (Tapley et al., 1996; Lemoine et al., 1998) based on extensive data records of SLR satellites, such as LAGEOS and LAGEOS II themselves, were used.

In early 2012 the rocket VEGA launched LARES, a third passive geodetic satellite of LAGEOS-type^8 , which, according to the intentions of its proponents (Ciufolini et al., 2010b), should push the accuracy of the Lense-Thirring tests to ≈ 1%, provided that its data will suitably be combined with those from the already existing LAGEOS and LAGEOS II. In 1986, Ciufolini (1986) proposed to launch a new passive SLR target, LAGEOS X, at the same altitude of LAGEOS, but with an orbital inclination I to the Earth’s equator differing by 180 deg from that of LAGEOS. This choice was motivated by the fact that, in principle, all the secular precessions due to the even zonals would exactly cancel out in the sum of the nodes of the two satellites, contrary to the Lense-Thirring precessions which, instead, would sum up. The possibility of somewhat relaxing the original requirements (Ciufolini, 1986) on the orbital

6 See also Iorio (2007a, Sec. 6). 7 The even zonals are defined as J_ℓ = − √ 2ℓ + 1 C_{ℓ,0}, ℓ = 2, 4, 6, . . . 8 While the altitudes of LAGEOS and LAGEOS II are of the order of 5, 800 km, LARES orbits at 1, 450 km.

parameters of a third LAGEOS satellite, to be used in combination with LA- GEOS and LAGEOS II to measure the Lense-Thirring effect, was envisaged by (Iorio, 2005a) in view of the expected improvements in determining the geopotential multipoles from GRACE.

In all the LAGEOS-based tests performed so far, the existence of the Lense- Thirring signal was always indirectly inferred by constructing time series of post-fit computed node “residuals” for LAGEOS and LAGEOS II, and by fitting the resulting time series with a straight line and other harmonic signals. A total accuracy of ≈ 10% has always been claimed (Ciufolini, 2007; Ciufolini et al., 2009, 2010a, 2011). However, in all such tests, the gravitomagnetic field of the Earth was never modeled nor explicitly solved-for together with other parameters routinely estimated in the data reduction procedure. Moreover, general relativity was never solved-for in all the GRACE-based global Earth gravity field solutions which are used as background models for the geopotential for LAGEOS and LAGEOS II. Thus, several aspects of such tests have been considered unsatisfactory by us: e.g., the total error budget may be up to 2 − 3 times larger than proposed by Ciufolini (2007); Ciufolini et al. (2009, 2010a, 2011) for a number of reasons. Moreover, also the overall accuracy obtainable with LARES may be worse than the claimed ≈ 1% level.

Iorio et al. (2011), among other aspects of gravitomagnetism in the solar system, summarized the main critical points of the tests performed with the LAGEOS spacecrafts so far. Ciufolini et al. (2012) extensively criticized this part of Iorio et al. (2011). According to Ciufolini et al. (2012, p. 341), none of the claims by Iorio et al. (2011) could be reproduced by any of their independent analyses. Actually, the paper by Ciufolini et al. (2012) does not contain any real progress from the scientific point of view since they substantially limited themselves to repeat again some of their arguments already exposed elsewhere without adding new quantitative elements backing them, and leaving many of the remarks by Iorio et al. (2011) unaddressed. Furthermore, some of the claims by Ciufolini et al. (2012) do not find support in the existing scientific literature.

In this paper, we offer novel and quantitative arguments supporting our positions about certain important points concerning the interplay among the Newtonian geopotential and the general relativistic frame-dragging.

2 On the accuracy of the GRACE even zonal harmonics

2.0.1 The LAGEOS-LAGEOS II tests

As a general remark concerning a realistic evaluation of the error budget in satellite-based tests of the Lense-Thirring effect with LAGEOS-type satellites, Ruffini (2003, p. 26) recall that Shapiro in many discussions puts a factor from experience that in this general style of modeling, one needs to take the error given by the computer error model and put in a real-life correction factor of 2 to 3. Incidentally, a straightforward application of such words to the claimed ≈ 10% total error by Ciufolini (2007); Ciufolini et al. (2009, 2010a, 2011) would yield figures for it as large as just those proposed by Iorio et al. (2011).

The existing scientific literature does not support the remarks by Ciufolini et al. (2012, p. 343), which we consider ad-hoc attempts to pick up just those models which better satisfy the needs of Ciufolini et al. (2012) in view of the level of accuracy desired for their tests. Indeed, the idea of estimating field errors by taking the difference among geopotential coefficients (without particular regard to independence or quality of the solutions from which they are retrieved) is an old one. See, e.g., Martin and Roy (1970); Lerch et al. (1991, 1994), Fig. 9-11 of Han (2004, pp. 90-92), where the differences among the estimated geoid heights^9 from simulated GRACE data records are compared to those from EGM96 (Lemoine et al., 1998) along with their σ and 3σ confidence bounds, the figures displayed in Reigber et al. (2006) illustrating the degree amplitudes of the differences between EIGEN-CG01C (Reigber et al., 2006) and EGM96 (Lemoine et al., 1998). Also of relevance, are the comparison by degree differences of the geoid heights of the EGM96 (Lemoine et al., 1998), EGM2008 (Pavlis et al., 2008) and EIGEN-5C (Förste et al., 2008) models by Yilmaz et al. (2010) and the recent discussion in (Wagner and McAdoo, 2012). ICGEM (2011) itself, at the page “Evaluation of Models”, plots the amplitudes of the difference per degree of several models, many of them dating back even to the pre-CHAMP/GRACE/GOCE era, to the recent – and formally much more accurate – combined solution^{10} EIGEN- 6C (Förste et al., 2011). A close examination of the content of Wagner and McAdoo (2012) is instructive. Wagner and McAdoo (2012), who feel the need of comparing not only solutions releasing the mere statistical, formal errors for the geopotential coefficients, but also older models yielding calibrated errors, explicitly require that the benchmark model must be formally far more accurate than the one to be tested. Furthermore, Wagner and McAdoo (2012)

9 They are expressed in terms of the geopotential multipolar coefficients (Heiskanen and Moritz, 1967).

10 Such a particular model would not be suited for the LAGEOS-based tests of the Lense-Thirring effect since it includes data of LAGEOS itself.

point out that their method could be applied well even to solutions not displaying formal errors. More precisely, the aim of Wagner and McAdoo (2012) is to test the accuracy of some recent models’ formal error estimates by comparing the field coefficients directly with the same coefficients from a wholly independent and formally superior model. To validate their method, Wagner and McAdoo (2012) also apply it to fairly recent historic models which underwent extensive calibration. However, even without formal variances for a test harmonic field, Wagner and McAdoo (2012) could approximate them by comparing only the coefficients themselves, those of the test with a clearly superior and independent reference model. Still, to gain further confidence, Wagner and McAdoo (2012) include comparisons with two older models from combined multiple-satellite conventional tracking and surface anomalies from ground survey and altimetry: JGM3, 70×70, (Tapley et al., 1996) and EGM96, 360×360, (Lemoine et al., 1998). Wagner and Lerch (1978) apply such an idea of coefficient error calibration without requiring (as in Wagner and McAdoo (2012)) that the reference model be both independent and clearly superior to the calibrated one. As another example, Milani et al. (1987, p. 17) evaluated the uncertainty in J_2 just by taking the difference between the estimated values for it from two global gravity field models, i.e. GEM-L2 (Lerch et al., 1982) and GEM 9 (Lerch et al., 1979): while the uncertainty of the GEM 9 value was σ_{J2} = 1 × 10^{−9}, GEM-L2 yielded σ_{J2} = 4 × 10^{−10}. The same approach was followed by Lerch et al. (1985) with the model GEM-L2 (Lerch et al., 1982), as correctly recognized by Ciufolini (1996, p. 1713) himself. Incidentally, Milani et al. (1987, p. 13) adopted the same approach to evaluate the uncertainty in the Earth’s gravitational parameter GM as well. Ciufolini (1996, p. 1713) and Ciufolini et al. (1997b, p. 2712) took the differences among the coefficients of the models JGM3 (Tapley et al., 1996) and GEM-T3S (Lerch et al., 1994), the latter being older and formally about one order of magnitude less accurate than JGM3.

Even the approach followed by Iorio et al. (2011) may turn out to be intrinsically too optimistic and somewhat favorably biased. Indeed, Wagner and McAdoo (2012) point out that the calibration of the errors in a given test model should be made by using reference solutions obtained independently: more specifically, a GRACE-based solution should be compared with, say, a GOCE-based solution, as done by Wagner and McAdoo (2012). Even in such a case, care should be taken to avoid that the reference model adopted was not used as a-priori background model in producing the models to be tested (Wagner and McAdoo, 2012). Instead, all the models compared in Iorio et al. (2011) were obtained from GRACE itself. In the following, we apply the method of Wagner and McAdoo (2012) by choosing the GRACE-based models GGM03S (Tapley et al., 2007) and EIGEN-GRACE02S (Reigber et al., 2005) as test models, while we take the wholly independent^{11} CHAMP-based

11 Indeed, the background gravity models adopted for AIUB-CHAMP03S were solution AIUB-CHAMP03S (Prange et al., 2010) as formally superior reference model. In particular, we look at the even zonals of degree ℓ = 4, 6 which are the most important ones in determining the error of gravitational origin in the performed LAGEOS-based tests of the Lense-Thirring effect. As requested by Wagner and McAdoo (2012), the sigmas of AIUB-CHAMP03S are smaller than those of the models to be tested by about 1 order of magnitude in the degree range chosen (ℓ = 4, 6). In Table 1 we display the corresponding error factors f computed according to Eq. (A11) of Wagner and McAdoo (2012)

f_{test,ℓ} = √ ( C^{test}_{ℓ,0} − C^{ref}_{ℓ,0}

)_2 − ( σ^{ref}_{C ℓ,0}

)_2

σ^{test}_{C ℓ,0}

; (1)

the sigmas σ^{test}_{C ℓ,0} of the test models have to be rescaled by such f_{test,ℓ}. In our case, eq. (1) worked properly in the sense that it did not yield imaginary results. In Table 2 we repeat the same calculation by considering AIUB-

Table 1 Application of the method by Wagner and McAdoo (2012) to the CHAMP-based model AIUB-CHAMP03S (Prange et al., 2010), assumed as formally superior reference model, and the GRACE-based models GGM03S (Tapley et al., 2007) and EIGEN-GRACE02S (Reigber et al., 2005) as test models. The even zonal coefficients examined are C_{4,0} and C_{6,0}. The formal errors of AIUB-CHAMP03S for them are σ_{C4,0} = 8 × 10^{−13} and σ_{C6,0} = 9 × 10^{−13}, respectively. The (calibrated) errors of GGM03S are σ_{C4,0} = 4.2 × 10^{−12} and σ_{C6,0} = 2.2 × 10^{−12}, respectively. The (calibrated) errors of EIGEN-GRACE02S are σ_{C4,0} = 3.9×10^{−12} and σ_{C6,0} = 2.0×10^{−12}, respectively. Eq. (A11) of Wagner and McAdoo (2012) was used to compute the scaling error factors f_{GGM03S} and f_{EIGEN−GRACE02S} to be applied to the sigmas of GGM03S and EIGEN-GRACE02S.

Even zonal coefficient f_{GGM03S} f_{EIGEN−GRACE02S}

C_{4,0} 14.2 16.2

C_{6,0} 48.6 67.2

CHAMP03S (Prange et al., 2010) as test model, to be calibrated by the formally superior and wholly independent GRACE-based solution ITG-Grace02s (Mayer-Gürr et al., 2010). From the results of Table 1 and Table 2 it turns out

JGM3 (Tapley et al., 1996) and EGM96 (Lemoine et al., 1998). See the discussion in Wagner and McAdoo (2012) about the risk of precluding an unbiased calibration employing an external standard model.

Table 2 Application of the method by Wagner and McAdoo (2012) to the GRACE-based model ITG-Grace02s (Mayer-Gürr et al., 2010), assumed as formally superior reference model, and the CHAMP-based model AIUB-CHAMP03S (Prange et al., 2010) as test solution. The even zonal coefficients examined are C_{4,0} and C_{6,0}. The formal errors of ITG-Grace02s are σ_{C4,0} = 8.6 × 10^{−14} and σ_{C6,0} = 4.5 × 10^{−14}, respectively. The formal errors of AIUB-CHAMP03S for them are σ_{C4,0} = 8 × 10^{−13} and σ_{C6,0} = 9 × 10^{−13}, respectively. Eq. (A11) of Wagner and McAdoo (2012) was used to compute the scaling error factors f_{AIUB−CHAMP03S} to be applied to the sigmas of AIUB-CHAMP03S.

Even zonal coefficient f_{AIUB−CHAMP03S}

C_{4,0} 62.2

C_{6,0} 112.2

that the second and the third even zonals are, actually, uncertain at a level

δC_{4,0} = f_{test,4} × σ_C test_{4,0} ≈ 5 − 6 × 10^{−11},

δC_{6,0} = f_{test,6} × σ_C test_{6,0} ≈ 1 × 10^{−10}. (2)

It is remarkable how eq. (2) comes from the application of the f_ℓ scaling factors of Table 1 to the sigmas of both GGM03S and EIGEN-GRACE02S, and of the f_ℓ scaling factors of Table 2 to the sigmas of AIUB-CHAMP03S. As expected, the uncertainties of eq. (2) are generally less favorable than those obtained from the mutual comparisons of only GRACE-based models in Iorio et al. (2011). Uncertainties as large as those in eq. (2) correspond to a mismodeled competing signal from the zonals amounting to 66% of the expected Lense-Thirring signal from a Root-Sum-Square (RSS) calculation. However, Wagner and McAdoo (2012) offer also a different way to compute f_{test,ℓ}. Instead of using a single coefficient error scaling factor, they propose to average the individual error factors over all the 2ℓ + 1 coefficients of degree ℓ. According to Eq. (A13) of Wagner and McAdoo (2012), one has

f_{test,ℓ} = ( 1 2ℓ + 1

)_{2ℓ+1}∑ m=0

( H^{test}_{ℓ,m} − H^{ref}_{ℓ,m}

)_2 − ( σ^{ref}_{Hℓ,m} )_2 ( σ^{test}_{H ℓ,m} )_2 1 2 , (3)

where H_{ℓ,m} denotes both C_{ℓ,m} and S_{ℓ,m} in the sense that the sum in eq. (3) includes all the geopotential coefficients of both kinds for a given degree ℓ. It turns out that eq. (3) gives smaller uncertainties than eq. (1) for the second and the third even zonals, especially as far as ℓ = 6 is concerned. Indeed, applying eq. (3) to EIGEN-GRACE02S (Reigber et al., 2005), GGM03S (Tapley et al., 2007), AIUB-CHAMP03S (Prange et al., 2010) and ITG-Grace02s (Mayer- Gürr et al., 2010) in the same roles

δC_{4,0} = f_{test,4} × σ_Ctest_{4,0} ≈ 2 − 3 × 10^{−11},

δC_{6,0} = f_{test,6} × σ_Ctest_{6,0} ≈ 3 − 4 × 10^{−11}. (4)

The resulting total mismodeled signal in the LAGEOS-LAGEOS II node combination is, thus, approximately 27−28% (RSS) of the Lense-Thirring expected signature, with an upper bound of about 37−39% from a Sum of the Absolute Values (SAV) calculation.

The analysis by Ries et al. (2009) mentioned in (a) of Ciufolini et al. (2012) was already critically discussed in Iorio (2010a, p.28-29). Here we recall that Ries et al. (2009) considered models such as EIGEN-GL04C (Förste et al., 2006) and EIGEN-GL05C (Förste et al., 2008) which include data from LA- GEOS itself. We also remark that some of the models adopted by Ries et al. (2009), like GIF22a and JEM04G, are not publicly available. Moreover, we are neither saying that the method followed by Ries et al. (2009) is, in principle, unsuitable nor that they made some technical mistakes in their RSS calculation: it seems tailored to yield too optimistic figures for the error of gravitational origin in the LAGEOS-based tests. Indeed, the table in Ries et al. (2009, p. 16) yields an upper bound of 21% for the error of gravitational origin (SAV calculation). Moreover, from a visual inspection of the scatter of the individual points in Figure 6 of Ciufolini et al. (2009, p. 84) and in Figure 5 of Ciufolini et al. (2011, p. 9), based on the work by Ries et al. (2009), inferring from it an overall test uncertainty less than 15% appears optimistic due to an a priori selection bias. Indeed, by halving the difference between the maximum (≈ 1.38) and the minimum (≈ 0.72) possible values reported in Figure 6 of Ciufolini et al. (2009, p. 84) and in Figure 5 of Ciufolini et al. (2011, p. 9), one gets an uncertainty as large as ≈ 33%. We did not make any a priori selection: even if we wanted to do so, it would be impossible since the points displayed in Figure 6 of Ciufolini et al. (2009, p. 84) and in Figure 5 of Ciufolini et al. (2011, p. 9) are not explicitly associated to any specific Earth’s gravity model. Even by arbitrarily discarding the two less favorable points in Figure 6 of Ciufolini et al. (2009, p. 84) and in Figure 5 of Ciufolini et al. (2011, p. 9), the remaining largest possible value (≈ 1.18) and the smallest possible value (≈ 0.74) yield an uncertainty of about 22%. Thus, we conclude that the results by Ries et al. (2009) themselves are incompatible with a 10% accuracy.

From a broader point of view, a straightforward and uncritical extension of standard approaches usually followed with success in satellite geodesy to the issue of performing genuine and unbiased tests of fundamental physics should be avoided. Indeed, if the goal of a satellite-based mission is, say, making accurate remote sensing, then, the sole scope of using a certain background Earth gravity model in processing the satellite’s data is minimizing its post-fit residuals in order to predict the satellite’s path with the highest possible accuracy. In this respect, the way in which the parameters entering the Earth gravity model used have been obtained has no relevance: it works well, and that is all. On the contrary, this is not the case for an unbiased test of general relativity; otherwise, an a-priori favorable bias is introduced, driving the outcome of the tests just towards the expected (and desired) result. In this respect, it is not appropriate to pick up, say, just those Earth gravity models which behave better than others in reducing the satellite post-fit residuals, or accurately select those solutions yielding the smallest error budget in view of their published errors, calibrated or not. Moreover, there are no sound reasons in principle, to consider only the GRACE-based models with respect to other global solutions obtained from other spacecraft, provided that they do not include LAGEOS and LAGEOS II themselves.

2.0.2 The LARES test

Ciufolini et al. (2012, point (c), p. 343) claims that – based on their selected gravity models – the final accuracy of the LARES experiment will be at the level of a few percent (2σ level) in 2017. We doubt this prediction for the following reasons. For an independent analysis, which essentially supports our points, see Renzetti (2012).

Concerning the asserted certainties by Ciufolini et al. (2012, point (c), p. 343) about steady improvements in the GRACE-based Earth gravity models by the expected epoch of the LARES data analysis (2017), at the moment the current trend for the new GRACE-based global gravity field models (ICGEM, 2011) points toward the production of solutions which, actually, could not be used in any LAGEOS-based tests of fundamental physics. Indeed, the latest GRACE-based models EIGEN-6 (Förste et al., 2011), GOCO02S (Goiginger et al., 2011), EIGEN-5 (Förste et al., 2008) and EIGEN-GL04 (Förste et al., 2006), include data from LAGEOS itself. It is just the case to recall that, actually, the aim of GOCE (Drinkwater et al., 2003) is to improve the knowledge of the very short wavelength sector of the geopotential, corresponding to the multipoles of very high degree and orders; the longer wavelengths, corresponding to the relatively low-mid degree spherical harmonics which are of interest here, are left substantially unaffected by GOCE. The inclusion of data from LAGEOS itself and other SLR targets is aimed to improve just the zonals of low degrees (see also the discussion in Section 3). Thus, it is not unlikely that, in principle, also LARES itself may be further included to produce new global gravity solutions which, of course, could not be employed as background models to test the Lense-Thirring effect with the LAGEOS satellites themselves.

Figure 1 displayed in Ciufolini et al. (2012, p. 344), which is also shown in several other papers (Ciufolini et al., 2009, 2010b, 2011), presentations, talks, etc., by the same authors, is considered to illustrate the error of gravitational origin in the LARES mission. It is based only on two global gravity field solutions. Contrary to Iorio (2009a,b), no details at all were released by Ciufolini et al. (2012) concerning the computational approach followed to obtain it. Did Ciufolini et al. (2012) numerically integrate the equations of motion of the LAGEOS satellites by simulating the orbit of LARES? If so, what are the approximations used in such a numerical calculation? What are its details? Or, instead, was an analytical approach followed? In this case, what theoretical scheme was adopted to compute the coefficients Ω̇_{.ℓ}, ℓ = 2, 4, 6, . . . of the secular node precessions induced by the even zonals? Knowing the details would be crucial to assess the claims by Ciufolini et al. (2012). Figure 1 of Ciufolini et al. (2012, p. 3), equals to Fig. 8 of Ciufolini et al. (2009, p. 87) and to Fig. 6 of Ciufolini et al. (2011, p. 13), is accompanied by some more details. Ciufolini et al. (2012) specify that only the effects of the first 5 even zonal harmonics were considered, and stating-without any quantitative arguments-that including higher degree even zonal harmonics, the results of Figure 1 would only change slightly. Incidentally, this fact proves that, actually, Ciufolini et al. (2012) did not address at all the remark by Iorio et al. (2011).

The fact that different authors, with different computational approaches, softwares and levels of truncation of the even zonals, independently obtain so different and scattered values for the gravitational error in the LARES test which demonstrates that we are still far from having a reliable and unambiguous answer to this important issue. Indeed, opting for the computational scheme yielding just the best (and desired in advance) result would be another example of selective bias. It is unclear why one should a priori decide that a calculation yielding an uncertainty larger than 1% is unreliable, and accept the calculation giving just ∼ 1%. On the other hand, it is important to remark that, at present, there are no other independent reasons to judge our calculation unrealistic. Indeed, their outcome can be considered large just with respect to the Lense-Thirring effect itself, not to the overall orbit which, indeed, would not be displaced by an unacceptably large amount.

3 The issue of a conceivable imprint of the Lense-Thirring effect in the even zonal harmonics

Ciufolini et al. (2012, p. 344) make qualitative statements about GRACE and the issue of a possible “imprint” of general relativity on the global Earth’s gravity models produced from GRACE data: no quantitative analyses like, e.g., analytical calculation and/or numerical tests with real/simulated data are offered to support such claims. For details of our unaddressed points, see Iorio (2010b); Iorio et al. (2011); Iorio (2012). In particular, the preliminary numerical analysis in Iorio (2012) has shown, without limiting to the gravitomagnetic field of the Earth, that general relativity, which has never been explicitly solved-for so far in any GRACE-based global solution, may actually have a non-negligible impact on the GRACE intersatellite tracking as well. In general, Ciufolini et al. (2012) seem to confuse the orbital effects that a given force induces on the LAGEOS satellites and which are pertinent to the relativity tests, with those affecting the GRACE intersatellite dynamics. To this aim, the statements by Ciufolini et al. (2012, p. 344) concerning the fact that low-degree even zonal harmonics would be almost exclusively determined by means of the GRACE Satellite-to-Satellite Tracking (SST) may be incorrect; indeed, from a general point of view, the intersatellite signal has significant information on the medium to shorter wavelength (Reigber et al., 2005, p. 2), corresponding to medium-higher degrees in terms of spherical harmonics. According to Reigber et al. (2005, p. 2), notable improvements in determining the long-wavelength coefficients, with respect to the pre-CHAMP/GRACE era, occurred from the high-low GPS-CHAMP orbit tracking, which is used for GRACE as well. Moreover, Wagner and McAdoo (2012) explicitly state that, actually, the GPS orbit data for both the GRACE satellites are used as observations in the GRACE models, playing a role mainly just at the lowest degrees since their accuracy is at the cm-level. On the other hand, if the low-degree even zonals were really so accurately determined from the GRACE intersatellite tracking only, there would be no need of including also data from LAGEOS itself just to improve the knowledge of the long wavelength terms over timescales long enough to completely average out their seasonal^{12} temporal variations, as the current trend of the latest global gravity field solutions (ICGEM, 2011) clearly shows. More specifically, Ciufolini et al. (2012, p. 344) write that the inter-satellite range measurement on GRACE is so accurate that it is able to track the short-period variations associated with the even zonal harmonics. Actually, it is shown in Figure 4 of Iorio (2012) that the low-degree even zonals of interest for the LAGEOS-based tests do induce long-period, secular-like signatures in the GRACE SST range over typical arcs 1 d long, while the orbital period of the GRACE satellites is 1.56 h = 0.065 d. Moreover, Ciufolini et al. (2012, p. 344) claim that modeling general relativity or not would be irrelevant for the GRACE models since the relativistic signals would be secular and/or long-period, and that the measurement type, i.e. the GRACE SST tracking, is relatively insensitive to secular or long-period signals (essentially any signal with period of one revolution or longer). Actually, Figure 3 of Iorio (2012) clearly illustrates that the 1PN gravitoelectric

12 Reigber et al. (2005, p.8) write that it could partly explain why the accuracy in the GRACE-based models at the very long-wavelength scale has not yet reached the anticipated baseline accuracy.

Schwarzschild-like SST range signal exhibit relevant short-period patterns as well. On the other hand, in view of Figure 4 of Iorio (2012), the previously cited statement by Ciufolini et al. (2012) concerning the relative inability of the GRACE SST tracking to measure secular or, in the aforementioned specified sense, long-period signals just confirms indirectly that the low-degree even zonals are not exclusively determined from the GRACE intersatellite tracking itself.

4 Summary and conclusions

Ciufolini et al. (2012), in their assessments of the total error budget, rated at 10%, make selective choices of just those Earth gravity models yielding the desired result. Some of these models are not publicly available, while some others included data from LAGEOS itself. Also from the point of view of the methods used to compute the overall gravitational error from their selected models, Ciufolini et al. (2012) apply approaches which tend to selectively and systematically reduce this error. The claims by Ciufolini et al. (2012) about the choice of the models to be used and how to compare them are, actually, not supported in the existing scientific literature. Indeed, it is widely recognized that the most conservative and reliable approach to realistically evaluate the uncertainties in the geopotential coefficients consists of directly comparing their values obtained in different global Earth gravity models without limiting to just those of comparable accuracy, as incorrectly claimed by Ciufolini et al. (2012). On the contrary, it has recently been shown that it is necessary to use reference models having statistical, formal errors much smaller than those of the solutions to be tested (Wagner and McAdoo, 2012). Such a procedure must be applied not only to those solutions releasing just formal variances, but also to those having calibrated errors as well (Wagner and McAdoo, 2012). Finally, in order to further reduce any favorable bias, as it may have occurred in Iorio et al. (2011), where only GRACE-based models were reciprocally compared, the confrontation must be made among models which have been obtained quite independently (Wagner and McAdoo, 2012). A consistent application of such recent methods (Wagner and McAdoo, 2012) to different, independently obtained Earth gravity models yields uncertainties in the second and the third even zonals as large as δC_{4,0} ≈ 5−6×10^{−11} and δC_{6,0} ≈ 1×10^{−10}, respectively. Other, more favorable evaluations are δC_{4,0} ≈ 2 − 3 × 10^{−11} and δC_{6,0} ≈ 3 − 4 × 10^{−11}, respectively; they are based on a variant of the method exposed in Wagner and McAdoo (2012) involving an average over all the coefficients of a given degree. It turns out that, even with such more favorable errors in the zonals, the total systematic uncertainty of gravitational origin in the LAGEOS-based tests is about 27−28%, with an upper bound of approximately 37 − 39%. The results by Ries et al. (2009) themselves, displayed in Figure

6 of Ciufolini et al. (2009, p. 84) and in Figure 5 of Ciufolini et al. (2011, p. 9), yield an upper bound for it of about 33% from the scatter of all their points, although Ries et al. (2009) either used some models including data from LAGEOS itself or solutions not publicly available in ICGEM (2011). Even by arbitrarily rejecting the two points exhibiting the largest discrepancies with respect to the desired outcome, the remaining points by Ries et al. (2009) yield an uncertainty of about 22%. Figure 6 in Ciufolini et al. (2009, p. 84) and Figure 5 in Ciufolini et al. (2011, p. 9), based on the work by Ries et al. (2009), are unambiguous in this respect. Thus, the claims of a total 10% error in the LAGEOS-based tests are optimistic.

The current trend in producing global gravity fields by several independent international institutions points toward the generation of models including data from LAGEOS as well to improve just the even zonals of very low degrees; GOCE was designed to accurately determine the multipoles of very high degree and order. Thus, such new global solutions cannot be used as background geopotential models in any present and future test of fundamental physics using just the data of the LAGEOS satellites themselves as primary source.

The claims by Ciufolini et al. (2012) concerning the ≈ 1% level of the expected gravitational error in the LARES experiment should be supported with explicit and quantitative details about the procedures used in their evaluations. It is unclear why one should a priori consider as acceptable a (still undisclosed) computational scheme yielding just the desired 1%, and automatically reject as unreliable the calculations by other authors that provide more details and make provision for a larger uncertainty.

In dealing with the issue of the possible, a-priori “imprinting” of general relativity itself in the GRACE-based models, it seems that Ciufolini et al. (2012) confuse some dynamical orbital effects affecting the LAGEOS satellites with those actually occurring for the GRACE intersatellite tracking. Thus, Ciufolini et al. (2012) conclude that the low-degree even zonal harmonics are almost exclusively determined from GRACE SST range since it is able to accurately measure just short-periods signals like those allegedly induced on it by the extremely long-wavelength components of the geopotential. Moreover, Ciufolini et al. (2012) state that including general relativity or not in the GRACE models would be irrelevant because of its allegedly long-term effects, not sensed by the GRACE SST range. We showed that this is not so. Indeed, if, on the one hand, the low-degree even zonals affect the GRACE SST range with long-period, secular-like effects, on the other hand, general relativity, never explicitly solved-for in all the GRACE-based models produced so far, also induces also high-frequency signatures on the GRACE SST range. Thus, the issue of the general relativistic “imprint” remains open.

References

Ciufolini, I., 1986. Phys. Rev. Lett. 56, 278. Ciufolini, I., 1996. Nuovo Cimento A 109, 1709. Ciufolini, I., 2007. Nature 449, 41.

Ciufolini, I., Pavlis, E.C., 2004. Nature 431, 958.

Ciufolini, I., Lucchesi, D.M., Vespe, F., Mandiello, A., 1996a. Nuovo Cim. A 109, 575.

Ciufolini, I., Lucchesi, D.M., Vespe, F., Chieppa, F., 1997a. Europhys. Lett.

39, 359.

Ciufolini, I., Chieppa, F., Lucchesi, D.M., Vespe, F., 1997b. Class. Quantum Grav. 14, 2701.

Ciufolini, I., Pavlis, E.C., Chieppa, F., Fernandes-Vieira, E., Pérez-Mercader, J., 1998. Science 279, 2100.

Ciufolini, I., Pavlis, E.C., Peron, R., 2006. New Astron. 11, 527. Ciufolini, I., Paolozzi, A., Pavlis, E.C., Ries, J.C., Koenig, R., Matzner, R.A., Sindoni, G., Neumayer, H., 2009. Space Sci. Rev. 148, 71.

Ciufolini, I., Pavlis, E.C., Ries, J., Koenig, R., Sindoni, G., Paolozzi, A., Newmayer, H., 2010a. Gravitomagnetism and Its Measurement with Laser Ranging to the LAGEOS Satellites and GRACE Earth Gravity Models. In: Ciufolini, I., Matzner, R.A. (Eds.), General Relativity and John Archibald Wheeler. p. 371. Springer, Berlin.

Ciufolini, I., Paolozzi, A., Pavlis, E., Ries, J., Koenig, R., Matzner, R., Sindoni, G., 2010b. The LARES Space Experiment: LARES Orbit, Error Analysis and Satellite Structure. In: Ciufolini, I., Matzner, R.A. (Eds.), General Relativity and John Archibald Wheeler. p. 467. Springer, Berlin.

Ciufolini, I., Paolozzi, A., Pavlis, E.C., Ries, J., Koenig, R., Matzner, R., Sindoni, G., Neumayer, H., 2011. Eur. Phys. J. Plus 126, 72.

Ciufolini, I., Pavlis, E.C., Paolozzi, A., Ries, J. Koenig, R., Matzner, R., Sindoni, G., Neumayer, K.H., 2012. New Astron. 17, 341.

Ciufolini, I., Paolozzi, A., Paris, C., 2012. J. Phys.: Conf. Ser. 354, 012002. Cugusi, L., Proverbio, E., 1977. J. Geodesy. 51, 249. Cugusi, L., Proverbio, E., 1978. Astron. Astrophys. 69, 321. Drinkwater, M.R., Floberghagen, R., Haagmans, R., Muzi, D., Popescu, A., 2003. Space Sci. Rev. 108, 419.

Förste, Ch., Flechtner, F., Schmidt, R., König, R., Meyer, U., Stubenvoll, R., Rothacher, M., Barthelmes, F., Neumayer, H., Biancale, R., Bruinsma, S., Lemoine, J.-M., Loyer, S., 2006. Geophys. Res. Abstr. 8, 03462.

Förste, Ch., Flechtner, F., Schmidt, R., Stubenvoll, R., Rothacher, M., Kusche, J., Neumayer, H., Biancale, R., Lemoine, J.-M., Barthelmes, F., Bruinsma, S., König, R., Meyer, U., 2008. Geophys. Res. Abstr. 10, 03426.

Förste, Ch., Bruinsma, S., Shako, R., Marty, J.-C., Flechtner, F., Abrikosov, O., Dahle, Ch., Lemoine, J.-M., Neumayer, H., Biancale, R., Barthelmes, F., König, R., Balmino, G., 2011. Geophys. Res. Abstr. 13, 03242.

Goiginger, H., Hoeck, E., Rieser, D., Mayer-Guerr, T., Maier, A., Krauss, S.

Pail, R., Fecher, T., Gruber, T., Brockmann, J.M., Krasbutter, I., Schuh, W.-D., Jaeggi, A., Prange, L., Hausleitner, W., Baur, O., Kusche, J., 2011. Presented at the 2011 General Assembly of the European Geosciences Union, Vienna, Austria, April 4-8, 2011.

Grayzeck, E., 2011. LAGEOS II. NSSDC ID: 1992-070B. Available at:

<http://nssdc.gsfc.nasa.gov/nmc/masterCatalog.do?sc=1992-070B>. Han, S.-C., 2004. Celest. Mech. Dyn. Astron. 88, 69.

Heiskanen, W.A., Moritz, H., 1967. Physical geodesy. W. H. Freeman, San Francisco.

ICGEM (International Centre for Global Earth Models) 2011.

http://icgem.gfz-potsdam.de/ICGEM/ICGEM.html. Iorio, L., 2005a. New Astron. 10, 616.

Iorio L., 2006. The new Earth gravity models and the measurement of the Lense-Thirring effect. In: Novello M., Bergliaffa S.P., Ruffini R.J. (Eds.). THE TENTH MARCEL GROSSMANN MEETING. On Recent Developments in Theoretical and Experimental General Relativity, Gravitation and Relativistic Field Theories, Proceedings of the MG10 Meeting held at Brazilian Center for Research in Physics (CBPF), Rio de Janeiro, Brazil, 2026 July 2003. p. 1011, World Scientific, Singapore.

Iorio, L., 2007a. Planet. Space Sci. 55, 503. Iorio, L., 2009a. Adv. Sp. Res. 43, 1148. Iorio, L., 2009b. Gen. Rel. Grav. 41, 1717. Iorio, L., 2010a. Centr. Eur. J. Phys. 8, 25. Iorio, L., 2010b. Commun. Network 2, 26. Iorio, L., 2012. Adv. Sp. Res. 50, 334.

Iorio, L., Morea, A., 2004. Gen. Rel. Grav. 36, 1321.

Iorio, L., Lichtengger, H.I.M., Ruggiero, M.L., Corda, C., 2011. Astrophys.

Space Sci. 331, 351.

Kaula, W.M., 1966. Theory of Satellite Geodesy. Blaisdell, Waltham. Lemoine, F.G., Kenyon, S.C., Factor, J.K., Trimmer, R.G., Pavlis, N.K., Chinn, D.S., Cox, C.M., Klosko, S.M., Luthcke, S.B., Torrence, M.H., Wang, Y.M., Williamson, R.G., Pavlis, E.C., Rapp, R.H., Olson, T.R., 1998. NASA Technical Paper NASA/TP1998206861, Goddard Space Flight Center, Greenbelt, USA.

Lense, J., Thirring, H., 1918. Phys. Z. 19, 156.

Lerch, F.J., Klosko, S.M., Patel, G.B., 1982. Geophys. Res. Lett. 9, 1263. Lerch, F.J., Wagner, C.A., Klosko, S.M., Laubscher, R.E., 1979. J. Geophys.

Res. 84, 3897.

Lerch, F.J., Klosko, S.M., Wagner, C.A., Patel, G.B., 1985. J. Geophys. Res.

90(B11), 9312.

Lerch, F.J., Marsh, J.G., Klosko, S.M., Patel, G., Chinn, D., Pavlis, E.C., Wagner, C.A., 1991. J. Geophys. Res. 96(B12), 20023.

Lerch, F.J., Nerem, R.S., Putney, B.H., Klosko, S.M., Patel, G.B., Williamson, R.G., Iz, H.B., Chan, J.C., Pavlis, E.C., 1993. Improvements in the accuracy of Goddard earth models (GEM). In: Smith, D.E., Turcotte, D.L. (Eds.),

Contributions of Space Geodesy to Geodynamics: Earth Dynamics. American Geophysical Union, p. 589.

Lerch, F.J., Nerem, R.S., Putney, B.H., Felsentreger, T.L., Sanchez, B.V., Marshall, J.A., Klosko, S.M., Patel, G.B., Williamson, R.G., Chinn, D.S., 1994. J. Geophys. Res. 99(B2), 2815.

Martin, C., Roy, N., 1970. Error model for the SAO standard Earth. In: The uses of artificial satellites for geodesy, vol 161, American Geophysical Union Monograph 15, Washington, USA.

Mashhoon, B., Gronwald, F., Lichtenegger, H.I.M., 2001. Testing relativistic gravity in space: gravitomagnetism and the clock effect. In: Lmmerzahl, C., Everitt, C.W.F., Hehl, F.W. (Eds.) Gyros, Clocks, Interferometers. . . , p. 83. Springer, Berlin.

Mashhoon, B., 2007. Gravitoelectromagnetism: a brief review. In: Iorio, L.

(Ed.) The Measurement of Gravitomagnetism: A Challenging Enterprise, p. 29. NOVA, Hauppauge.

Mayer-Gürr, T., Eicker, A., Kurtenbach, E., Ilk, K.H., 2010. ITGGRACE Global static and temporal gravity field models from GRACE data. In: Flechtner, F. (ed.) et al. System earth via geodetic-geophysical space techniques. Springer, New York pp 159168.

McNair, L.L. and the Science and Engineering Directorate.

1975, LAGEOS PHASE B TECHNICAL REPORT. NASA TM X-64915. George C. Marshall Space Flight Center Marshall Space Flight Center, Alabama. Available at: <http://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/19750011251 1975011251.pdf>.

Milani, A., Nobili, A.M., Farinella, P., 1987. Non-Gravitational Perturbations and Satellite Geodesy. Adam Hilger, Bristol.

Pavlis, E.C., 2002. Geodetic contributions to gravitational experiments in space. In: Cianci, R., Collina, R., Francaviglia, M., Fré, P. (Eds.) Recent Developments in General Relativity, Proc. 14th SIGRAV Conf. on General Relativity and Gravitational Physics, Genova, IT, 1822 September 2000, p. 217. Springer, Berlin.

Pavlis, N.K., Holmes, S.A., Kenyon, S.C., Factor, J.K., 2008. presented at the 2008 General Assembly of the European Geosciences Union, Vienna, Austria, April 13-18, 2008 Pearlman, M.R., Degnan, J.J., Bosworth, J.M., 2002. Adv. Space Res. 30, 135. Prange, L., 2010. Global Gravity Field Determination Using the GPS Measurements Made Onboard the Low Earth orbiting Satellite CHAMP. Inauguraldissertation der Philosophisch-naturwissenschaftlichen Fakultät der Universität Bern. Astronomisches Institut der Universität Bern, Bern. Available at: <http://www.bernese.unibe.ch/publist/2011/phd/diss lp.pdf>.

Reigber, Ch., Schmidt, R., Flechtner, F., König, R., Meyer, U., Neumayer, K.-H., Schwintzer, P., Zhu, S.Y., 2005. J. Geodyn. 39, 1.

Reigber, Ch., Schwintzer, P., Stubenvoll, R., Schmidt, R., Flechtner, F., Meyer, U., König, R., Neumayer, K.-H., Förste, Ch., Barthelmes, F., Zhu, S.Y., Balmino, G., Biancale, R., Lemoine, J-M., Meixner, H., Raimondo,

J.C., 2006. A High Resolution Global Gravity Field Model Combining CHAMP and GRACE Satellite Mission and Surface Data: EIGEN-CG01C. Scientific Technical Report STR 06/07, GeoForschungsZentrum, Potsdam.

Renzetti, G., 2012. Can. J. Phys. 90, 883.

Ries, J.C., Eanes, R.J., Tapley, B.D., 2003a. Lense-Thirring Precession Determination from Laser Ranging to Artificial Satellites. In: Ruffini, R.J., Sigismondi, C. (Eds.) Nonlinear Gravitodynamics. The Lense-Thirring Effect, p. 201. World Scientific, Singapore.

Ries, J.C., Eanes, R.J., Tapley, B.D., Peterson, G.E., 2003b. Prospects for an improved Lense-Thirring test with SLR and the GRACE Gravity Mission. In: Noomen, R., Klosko, S., Noll, C., Pearlman, M. (Eds.) Proc. 13th Int. Laser Ranging Workshop, NASA CP (2003-212248), Greenbelt, NASA Goddard. Available at: <http://cddis.gsfc.nasa.gov/lw13/docs/papers/sci ries 1m.pdf>.

Ries, J.C., Eanes, R.J., Watkins, M.M., 2009. Confirming the Frame- Dragging Effect with Satellite Laser Ranging. In: Schillak, S. (Ed.) Proceedings of the 16th International Workshop on Laser Ranging, October 2008, Poznań, Poland. Volume 1. p. 128. Space Research Centre, Polish Academy of Sciences, Warszawa. Available at: <http://cddis.gsfc.nasa.gov/lw16/docs/presentations/sci 3 Ries.pdf>.

Rindler, W., 2001. Relativity. Special, General and Cosmological. Oxford University Press, Oxford.

Roy, A.E., 2005. Orbital Motion, 4th edn. Institute of Physics, Bristol. Ruffini, R.J., 2003. Introduction to Nonlinear Gravitodynamics: the Lense- Thirring Effect. In: Ruffini, R.J., Sigismondi, C. (Eds.) Nonlinear Gravitodynamics. The Lense-Thirring Effect, p. 3. World Scientific, Singapore.

Tapley, B., Watkins, M., Ries, J., Davis, G., Eanes, R., Poole, S., Rim, H., Schutz, B., Shum, C., Nerem, R., Lerch, F., Marshall, J.A., Klosko, S.M., Pavlis, N., Williamson, R., 1996. J. Geophys. Res. 101(B12), 28029.

Tapley, B.D., Reigber, Ch., 2001. The GRACE mission: status and future plans. EOS Trans. AGU 82 (47), Fall Meet. Suppl. G41 C-02.

Tapley, B.D., Bettadpur, S., Watkins, M., Reigber, Ch., 2004. Geophys. Res.

Lett. 31, L09607.

Tapley, B., Ries, J.C., Bettadpur, S., Chambers, D., Cheng, M., Condi, F., Poole, S., 2007. Eos Trans. AGU 88(52), Fall Meet. Suppl., Abstract G42A- 03. Thorne, K.S., MacDonald, D.A., Price, R.H. (Eds.), 1986. Black Holes: The Membrane Paradigm. Yale University Press, Yale.

Thorne, K.S., 1988. Gravitomagnetism, jets in quasars, and the Stanford gyroscope experiment. In: Fairbank, J.D., Deaver, B.S., Everitt, C.W.F., Michelson, P.F. (Eds.) Near Zero: New Frontiers of Physics, p. 573. Freeman, New York.

Wagner, C.A., Lerch, F.J., 1978. Planet. Space Sci. 26, 1081. Wagner, C.A., McAdoo, D.C., 2012. J. of Geodesy. 86, 99. Yilmaz, I., Yilmaz, M., Güllü, M., Turgut, B., 2010. Sci. Res. Essays 5, 484.