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ABSTRACT. Three most long and dense VLBI nutation series obtained at the Goddard SpaeFlight Center, Institute of Applied Astronomy, and U. S.Naval Observatory, ontaining about3000 estimates of the nutation angles were used for investigation of systemati di�erenes be-tween observations and IAU2000A model. Bias and seular trends (preession and obliquityrate) were estimated together with main periodial terms for three periods of observations. It isshown that result substantially depends on period of observations used in analysis. Corretionsto some IAU2000A nutation terms were also estimated and found to be at the level up to severaltens miroarseonds. A new Free Core Nutation model with variable amplitude and period(phase) is developed. Comparison of this model with observations shows better agreement thanexisting one.1. INTRODUCTIONNew preession-nutation model IAU2000A (MHB2000, Mathews et al., 2002) is oÆiallyimplemented in the astronomial pratie starting from Jan 1, 2003. This model is intendedto provide the auray at the level of 0.2 mas. Several modern VLBI EOP series providedby the International VLBI Servie for Geodesy and Astrometry (IVS) allow us to estimate adisagreement of the IAU2000A model with observations. Those VLBI series are listed in Table 1.Table 1: Available VLBI nutation series (01 Aug 2003).Series Software Period Number Numberof points of aeptedpointsGSF2003C Cal/Solve 1979{2003 3424 3295IAAN0307 OCCAM 1979{2003 3233 3091USN2003A Cal/Solve 1979{2003 3013 2921CGS2002A Cal/Solve 1979{2001 2708 2639BKG00005 Cal/Solve 1984{2003 2645 2636AUS00002 OCCAM 1983{2003 1229 1224SPU0002M OCCAM 1994{2003 542 53224



Three most long, dense and independent nutation series GSF, IAA and USN were seletedfor detailed analysis. Sine only the IAA nutation series provides estimation of elestial poleo�set w.r.t. the IAU2000A model, GSF and USN series, ontaining estimation of elestial poleo�set w.r.t. the IAU1976/1980 model, were transformed to the IAU2000A system.Main results were obtained with averaged series GSF+IAA+USN hereafter referred to asmean series. These four series were ompared with the IAU2000A model. The di�erenesbetween observed nutation series and the model are shown in Figure 1, and spetrum of thedi�erenes is presented in Figure 2.
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Figure 1: Di�erenes between observed nutation series and the IAU2000A model.
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-8000 -6000 -4000 -2000  0  2000  4000  6000  8000Figure 2: Spetrum of the di�erenes between observed nutation series and the IAU2000A model.The present investigation of the disrepanies between observations and the model was fo-used on the following topis.1. Bias and trend.2. Corretions to IAU2000A nutation terms.3. Free Core Nutation (FCN) ontribution.This paper presents some results of this study.25



2. BIAS AND RATESBias in elestial pole o�set, preession onstant and obliquity rate were estimated as lineartrend along with largest long-period terms 6798.38d, 3399.19d, 365.26d, 182.62d, 121.75d. It iswell known that the auray of the VLBI results had two signi�ant improvement at the epohsapprox1984.0 and approx1990.0 (see e.g. Malkin, 2002). So, bias and rate was estimated forthree intervals 1979{2003, 1984{2003 and 1990.0{2003 (in the latter ase the term with period6798.38d was not inluded in the adjustment proedure).The results of omputation are presented in Table 2 For more detailed omparison we om-pute those both for individual and mean series.Table 2: Bias in � and ��, �as.Series 1979{2003 1984{2003 1990{2003� �� � �� � ��GSF �76 +10 �84 +5 �30 �56�23 �9 �23 �9 �9 �4IAA +46 +30 +38 +26 +71 �31�23 �9 �24 �9 �10 �4USN �65 +44 �73 +39 +1 �30�24 �9 �25 �10 �9 �4Mean �29 +30 �37 +25 +13 �38�22 �8 �22 �8 �9 �4

Table 3: Rate in � and ��, �as/yr.Series 1979{2003 1984{2003 1990{2003� �� � �� � ��GSF �7 +8 �9 +7 +15 �8�5 �2 �5 �2 �2 �1IAA �2 +5 �4 +4 +17 �5�5 �2 �5 �2 �2 �1USN �14 +10 �16 +9 +14 �9�5 �2 �5 �2 �2 �1Mean �7 +8 �9 +7 +15 �8�4 �2 �5 �2 �2 �1One an see that there is no evident systemati di�erenes between OCCAM (IAA) andCALC/SOLVE (GSF, USN) results for preession onstant and obliquity rate, however suh adi�erene obviously exists for the bias, espeially in � .It's remarkable that the results presented here di�er substantially, at the level of severaltens miroarseonds, from those presented in the previous study (Malkin, 2002). It shouldbe mentioned that both results were obtained using the same software and strategy, and onlydi�erene is in VLBI data used in the analysis. Diret omparison of the VLBI series used inprevious and present analysis show that the di�erene (bias) between them also may be as largeas several tens miroarseonds. Taking into aount well known dependene of VLBI EOPresults on station network, CRF realization, software, and other fators (MaMillan and Ma.,2000; Sokolskaya and Skurikhina, 2000), we an onlude that it is hardly possible to obtain thebiases and rates with an auray better that 10{20 �as and 5{10 �as/yr from the urrent setof observations.3. PERIODICAL TERMSAn estimation of the amplitude of the IAU2000A nutation terms have been obtained byLeast Squares. The results are shown in Table 4, whih inludes the same set of harmonis asinvestigated in (Herring et al., 2002). The estimation was made both for original data and afterremoving the FCN ontribution omputed as desribed in the next setion.26



Table 4: Corretions to amplitude of nutation terms, �as. Formal errors are about 4 �as.Original data After removing FCNPeriod � sin(�) �� � sin(�) ��sin os sin os sin os sin os6798.38 33 22 �31 �40 30 21 �41 �343399.19 21 22 �54 �22 30 24 �49 �131615.75 6 �7 �3 45 3 �12 6 461305.48 �7 1 4 28 �9 �6 14 151095.18 �8 10 7 �5 �11 �2 13 �13386.00 17 55 �33 6 6 8 4 2365.26 15 15 �30 13 �4 10 �2 0346.64 13 3 �14 8 �9 11 �8 1182.62 �13 �3 �19 �13 �11 1 �11 �12121.75 �11 �13 �6 �5 �2 �9 �8 �131.81 7 1 �2 14 2 �4 �7 827.55 10 2 �11 4 17 7 �14 423.94 7 �8 2 2 5 �3 5 �414.77 �3 0 �7 �1 0 �2 �3 �313.78 �14 6 �3 �3 �10 4 �5 �613.66 �4 �29 6 0 8 �26 0 99.56 2 �8 �2 �2 �3 �9 �3 �49.13 �11 17 �2 �10 �14 12 �2 �59.12 �11 12 �13 �5 �10 9 �11 17.10 �14 20 12 27 9 1 �4 �66.86 �3 10 7 �5 4 �1 3 �3One an see that most of the harmonis with periods lose to FCN are a�eted, as expeted.However, evidently due to wide spetrum of the new FCN model, other amplitudes are alsoinuened. In any ase, this e�et should be investigated more arefully.4. FREE CORE NUTATIONTo investigate the FCN ontribution we used smoothed data to eliminate a noise in theinvestigated data. Figure 3 shows smoothed di�erenes between observed nutation series andthe IAU2000A model. From Figures 1{3 one an see that a signal at the FCN frequeny bandprevails in the spetrum of the di�erenes, whih is also known from previous studies (e.g. Shiraiand Fukushima, 2001a).Several models are proposed for the FCN ontribution (e.g. Herring et al., 2002; Shiraiand Fukushima, 2001b). All existing models suppose that FCN is an osillation with onstantperiod of about 430 days and variable amplitude. However, newest investigations (Malkin andTerentev, 2003a, 2003b) show that the FCN period is also variable, whih may be explained byvariable FCN phase though.Let us onsider how a model with variable amplitude and period (phase) an be used inpratie. We an desribe the FCN term as� � sin �0 = A(t) sin(�(t)) ;�� = A(t) os(�(t)) :27
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Figure 3: Smoothed di�erenes between observed nutation series and the IAU2000A model.Mathematially (not geophysially, indeed!), we an suppose three equivalent models for theFCN phase �(t) �(t) =8>>>>>>>><>>>>>>>>:
2�P (t) t+�0 ;2�P0 t+�(t) ;2�P (t) t+�(t) ;where P is the FCN period. In other word we an suppose variable period with onstant phase,variable phase with onstant period, or variable both period and phase. Of ourse, this is asubjet of geophysial onsideration, but this doesn not matter for an empirial FCN modelusing time variations of the FCN parameters found from analysis of the observed data. Inpratie we an ompute �(t) as �(t) = tZt0 2�P (t) dt+ '0 ;where '0 ia a parameter to be adjusted. Amplitude variations A(t) an be easily omputed fromthe di�erenes between observed series and model asA(t) =p(d � sin �)2 + d�2 ;where d and d� are the di�erenes in longitude and obliquity at epoh t. Indeed, using suh anapproah we suppose that all di�erenes in the FCN frequeny band an be attributed to theFCN, but this seems to be a good approximation to reality.Variations of the FCN amplitude P (t) and phase �(t) are shown in Figure 4 along with theorresponding FCN parameters inluded in the MHB2000 model whih is, in fat, also a modelwith variable phase and amplitude, though this is not stated expliitly (we used the text of theFCN NUT routine inluded in the MHB 2000 ode to extrat the FCN(MHB) amplitude andphase variations). One an see that both models show similar behavior of the FCN parameters,however new approah allow us to get more smooth and preditable funtions A(t) and �(t).Comparing these two models one should keep in mind that MHB2000 model is developed onlytill epoh 2001.4, and after this epoh the di�erene between models grows rapidly.28
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Figure 4: The FCN amplitude and phase variations found in this study (solid line), and aomparison with the MHB2000 model (dashed line).Figure 5 shows spetra of the di�erenes between observed nutation series and the IAU2000Amodel omputed for raw di�erenes and after removing FCN ontribution. One an see that theFCN signal is ompletely eliminated.
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Figure 5: Spetrum of the di�erenes between observed nutation series and the IAU2000A model,period in days, amplitude in �as.However, the di�erenes between observed nutation series and model have a noise of variousorigins with the rms ompatible with the FCN ontribution. To estimate atual ontribution ofthe FCN model to this noise we omputed rms of di�erenes between observations and modelwith three di�erent aounting for the FCN term: no FCN (raw di�erenes), extrating FCNterm aording to the MHB2000 model, and extrating the FCN term aording to new modeldesribed here. The results are shown in Table 5. One an see that aounting for the FCNontribution leads to dereasing of di�erenes. Espeially interesting is the last part of the tableorresponding to period of observations 2002{2003. Using MHB2000 FCN model for this periodleads to degradation of di�erenes between observations and the IAU2000A model.Table 5: WRMS of di�erenes with two FCN models, �as.Series All sessions NEOS R1R4FCN model FCN model FCN modelNo MHB New No MHB New No MHB NewGSF 166 146 138 138 122 120 134 150 102IAA 170 152 144 140 123 123 138 154 111USN 161 144 136 138 122 122 136 156 107Mean 156 136 126 131 113 112 129 146 97
29



A FCN model with variable period and phase allow us to try a new approah to FCNpredition. We an onsider two possibilities. The �rst one is a predition of atual FCNontribution, whih is developed e.g. in (Brzezinski and Kosek, 2003). Another possibility isto predit funtions A(t) and �(t) separately, and then use preditions to onstrut the FCNontribution using the formulas given above. Figure 6 presents a variant of suh a preditionobtained using ARIMA method. It is interesting to ompare both approahes of FCN preditionin details.
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Figure 6: Examples of preditions of the FCN amplitude and phase.5. CONCLUSIONSThe results of this study allow us to make some onlusions.1. The IAU2000A model represents the modern VLBI observations with an auray at thelevel of 100{120 �as, i.e. about twie better than intended.2. Bias between observed and modelled elestial pole o�set is found to be at the level 20{30 �as, and, evidently annot be obtained with an auray better that 10{20 �as fromthe urrent set of observations. The same an be said about preession onstant andobliquity rate whih seems to be aurate at the level of several miroarseonds per year,and hardly an be signi�antly improved using the urrent set of observations.3. Free Core Nutation heavily ontributes to the di�erenes between the observed nutationseries and the IAU2000A model. Latest investigations show that the FCN osillation hasnot only variable amplitude, but also variable period or phase. A new FCN model withvariable amplitude and phase was found to be in better agreement with observations thanexisting one.6. REFERENCESBrzezinski, A., W. Kosek, 2003: Free ore nutation: stohasti modelling versus preditability.This issue.Herring, T. A., Mathews, P. M., Bu�et, B. A., 2002: Modelling of nutation-preession: Verylong baseline interferometry results. J. Geophys. Res., 107, No. B4, 10.1029/2001JB000165.MaMillan, D., C. Ma., 2000: Improvement of VLBI EOP Auray and Preision. In: N. R. Van-denberg, K. D. Baver (eds.), IVS 2000 General Meeting Pro., Koetzting, Germany, Feb21{24, 2000, 247{251. 30
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