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Abstract

 
Since a few years, satellite altimetry has produced several significant improvements in our scientific understanding of the oceans. However, several results related to global or regional sea level changes still too often rely on the assumption that orbit errors coming from station coordinates adoption can be neglected in the total error budget. The goal of this paper is to study this general assumption in more details. In the case of the TOPEX/Poseidon satellite, we first characterized orbital errors coming from the adoption of a specific Terrestrial Reference Frame. We then estimated simple transfer functions that can be used for several purposes like error budget estimation in altimetry or local tie specifications for the implementation of new tracking stations. Simulations were derived from actual DORIS data using the GIPSY/OASIS II software. They show that the present main source of errors comes from current imprecision in the Z-axis realization. A 1 cm error in the TZ realization can create a –1.2 mm of systematic errors in the derived mean sea level due to the North-South asymmetric distribution of the oceans all over the world. Furthermore, in the case of the TOPEX/Poseidon mission, consequences of such orbital errors on the estimation of Mean Sea Level and of seal level rise derived from altimetry data are discussed. Taking into account the ocean asymmetry between the northern and southern hemisphere, significant sea level rise could be erroneously attributed to a possible warming of the biosphere while they just come from systematic errors in the Terrestrial Reference Frame used to generate the operational satellite orbit. Finally, we assessed the accuracy of present Terrestrial Reference Frame realizations and derived a realistic error budget for this specific source of error. For ITRF97-type realization a current precision of 3 mm in sea level and 0.37 mm/yr in sea level rise was obtained.
Keywords: Satellite geodesy, Terrestrial Reference Frame, DORIS, TOPEX/Poseidon, Oceanography, Mean Sea Level, Error Budget.

1. Terrestrial Reference Frames and Satellite Altimetry

Satellite altimetry has recently become an increasingly powerful tool for operational and scientific users (Douglas and Peltier, 2002). Since the launch of the TOPEX/Poseidon (T/P) mission in August 1992 (Fu et al., 1994), several major steps were taken to improve the satellite orbit determination to a level of accuracy never achieved in the past (Tapley et al., 1994; Nouël et al., 1994). For the following oceanographic missions like Jason-1 (Ménard et al., 2003), the goal is now to reach 1 cm in terms of orbit accuracy (Luthcke et al., 2003; Haines et al., 2004). At this level of accuracy requirement, the aspects of Terrestrial Reference Frames (TRFs) cannot anymore be underestimated. 

For every satellite altimetry mission, the relevant Precise Orbit Determination groups adopt the best available conventions for the satellite. However, oceanographers must be aware that such a choice is not unique and constantly changes with time. Independent choices could affect newly developed oceanographic investigations involving multi-mission data (Le Traon and Ogor, 1998). When using a multi-mission approach, systematic biases usually emerge due to several causes, including the adoption of a Terrestrial Reference Frame. One way to cope with these problems is to estimate additional empirical parameters (Le Traon et al., 1997). It is also possible to use other information, as tide gauges (Cazenave et al., 1999; Nerem and Mitchum, 2002) to monitor the long-term evolution of the mean sea level.
On the other hand, the geophysical velocities of the tracking stations are not perfectly known (Argus and Heflin, 1995; Crétaux et al., 1998), especially for newly installed stations. In general, vertical velocities are usually less determined than the horizontal ones. Consequently, station positions accuracies naturally tend to slowly deteriorate with time. It is then possible that the precision of a long term monitoring of geophysical parameters, such as long term sea level rise (Douglas, 1996 and 1997) could be affected by these uncertainties. Finally, oceanographers should also be aware that the different tracking networks still evolve with time. So even if a conventional Terrestrial Reference Frame is adopted at the start of a satellite mission, a problem will arise when new stations are added to the original network (Ries, 1998). The long-term maintenance of the Terrestrial Reference Frame is a critical aspect that is as important as its initial realization.

In this paper, we consider the adoption of the coordinates (and velocities) of the tracking stations from a geodetic point of view. We assess the consequences of these choices in the global error budget of the satellite orbit determination and consequently in the global error budget of important geophysical parameters such as Global Mean Sea Level or Sea Level Rise. We also show some geodetic applications in the field of maintenance of geodetic tracking networks.

The goal of this paper is to characterize the systematic errors coming from the adoption of Terrestrial Reference Frame. We will first focus on the satellite orbit itself and then on the sea level determination as well as its evolution in time. In particular, we have done a sensitivity study using actual DORIS from the TOPEX/Poseidon mission at different epoch in time. Finally we extend the discussion and try to assess the actual errors coming from our present knowledge of the Terrestrial Reference Frame taking as example some latest realizations of Terrestrial Reference Frame, ITRF96 and ITRF97, done by the International Earth Rotation and reference systems Service (IERS). Only ITRF96 and ITRF97 (Boucher et al., 1999) were considered as they have been used for the TOPEX/Poseidon operational orbit determination for quite some time. ITRF2000 could be considered as a refinement of the ITRF97 (Altamimi et al., 2002).

2. TOPEX/Poseidon DORIS Orbit simulations

2.1 Context

Since the method developed is very general, we have chosen to apply it to the case of a DORIS measurement used for Precise Orbit Determination of an altimetry mission. Our first choice would have been to apply it to the recent Jason-1 mission, for which high precision orbits can be derived (Luthcke et al., 2003; Haines et al., 2004). Unfortunately, un-modeled effects on the DORIS on-board  oscillator (Willis et al., 2003 and  2004b) forbids such a choice. Some correction models have been proposed recently (Lemoine and Biancale, 2004) but the full DORIS accuracy may not be achievable. Furthermore, the on-board DORIS/Jason-1 receiver has recently been changed in July 2004 and the new oscillator may be less sensible to radiations and could perform well in the near future. We have then decided to apply our method to the TOPEX/Poseidon case which has the same altitude and the same attitude modes as Jason-1 and for which there is long history of Precise Orbit Determination Results (Bertiger et al., 1994;  Nouël et al., 1994 ; Tapley et al., 1994). Most of the following results could be applied to the Jason-1 mission if the new DORIS receiver on-board performs better. We would also like to emphasize that we only considered here post-processing orbit determination and not real-time processing as done regularly with the on-board DIODE software (Jayles and Costes, 2004) because the altimetric measurements are corrected using the precise satellite orbits derived in a post-processing mode.

We have used actual DORIS data from the TOPEX/Poseidon mission processed in two different ways using the GIPSY/OASIS software developed at JPL (Webb et al., 1995; Willis and Bertiger, 1994; Willis et al., 2004a). 

2.2 Description of the mathematical problem

There is a well-known relationship between the position of the satellite in the Terrestrial Reference Frame at epoch t1 (transmission of the signal) and the position of the satellite in the Terrestrial Reference Frame at epoch t0 (the reference epoch at the start of the orbit arc). This relation can be derived from the integration of the fundamental equations of the dynamic in the inertial frame and the Earth’s rotation parameters. It is usually not done directly using an analytical method but computed numerically, integrating the movement through a step-by-step procedure.

On the other hand, the geodetic measurements between the ground tracking station and the satellite can be modeled depending on the technique used. In the case of the DORIS system (Doppler ascending system), the transmitting epoch corresponds to the ground beacons and the DORIS measurement corresponds to a difference in time between the end and the start of the Doppler count interval of the phase observables (distances).    

If we note 
[image: image1.wmf], the distance measurement performed by the station at epoch t1, the orbit determination corresponds to the minimization of the following residuals  using a Kalman filter approach or a least squares adjustment:
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Where,
· 
[image: image3.wmf]are respectively the position and velocity of the satellite in the Terrestrial Reference Frame at epoch t0 (the reference epoch at the start of the orbital arc),

· 
[image: image4.wmf]are the coordinates of a specific tracking station in the same conventional TRF.

The choice of the dynamic model used is very important. Instead of using the most recent models like GRACE-derived gravity field (Tapley et al., 2004), even if it could provide better results (Willis and Heflin, 2004), we chose to keep the models used for TOPEX/Poseidon by NASA and CNES to derive the Precise Orbits as available to the scientific community. We also adopted a similar analysis strategy for parameter estimation. Table 1 summarizes the main characteristics of this strategy (with regards to the CNES and NASA ones).

{Table 1}

Beside the length of the orbit arc that will be addressed later on, the main differences between these three analysis strategies concern the empirical forces. We estimate one set of these parameters by day whereCNES estimates three sets by cycle (without a constant along the track), while NASA estimates one set by day with a constant along the track every eight hours. Another difference is our Earth parameter estimation for the polar motion (value and rate). However, we also verified that this strategy leads to the same conclusions.

2.3. Going from station coordinates errors to orbit estimation

It is often thought that the problem of Terrestrial Reference Frame is at some level only conventional and that it can be solved by proper a posteriori corrections. For instance, if the scale is different from the S.I. scale by a constant factor then the orbit just needs to be shifted using the same scale factor. In fact, this is not exactly true as the measurements themselves, 
[image: image5.wmf], provides also another independent type realization of this Terrestrial Reference Frame. The orbit period is also fully observable and provides an internal realization of the meter unit through the speed of light conversion. In our computations, the meter unit used in the coordinates of the tracking stations will be the same by construction to the meter used in the measurements. So it is expected that a different convention of the meter unit for the stations (coordinates) would not map directly into the same error in the meter unit of the satellite (orbit).

2.3.1. Definition of the considered simulations

Let us first try to characterize how systematic errors in the Terrestrial Reference Frame (as defined by the coordinates of stations) will propagate in the estimated orbit. An error in the realization of TRF will affect the 7-parameter transformation relating the two different frames 
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Where:

· Tx, Ty, Tz are the translations between the two frames along the X, Y, Z axes,

· K is the scale factor,

· R is the rotation matrix between the two different frames (3 by 3 matrix).

In this study, we will consider only the three translations and the scale factor as they relate directly to the physics, through the geocenter location and also the definition of S.I. meter as defined by BIPM through the TAI time scale (Petit, 2003).
In order to assess the consequences of errors in the Terrestrial Reference Frame realization, we must first understand how a global error in the coordinates of the tracking stations transfers into an orbital error. Let us first deduct from Eq. (2) the systematic effect that would be seen in the residuals of the orbit estimation, for each measurement:
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Let us now invert the global least squares equation matrix in order to obtain the "best estimates" for the initial position of the satellite 
[image: image8.wmf]. We should now use these updates to give the estimated orbits using the orbit integration approach (see Eq. (3)). The problem is then quite difficult to solve in a purely analytical manner as the number of measurements and their exact geographic and time distribution will be required. The actual problem is even thornier as some data could be rejected as outliers in the post-fit analysis, typically when the level of error would be considered as too important in the filter or in the least squares adjustment.

In this paper, we propose to use a much simpler method (Morel and Willis, 2002), based on statistical analysis, using a Monte-Carlo method and processing the same data several times but introducing at each time well-known systematic errors and looking for the effect on the estimated parameters (orbit). By choosing the parameter we want to perturb (e.g. the scale of the TRF) and by changing the values of the error level (using a wide variety of values), we can now perform a sensitivity analysis, allowing us to assess the consequences of an error on this specific parameter into the estimated orbit. We have used actual DORIS data, as provided by the International DORIS System (IDS) (Tavernier et al., 2002).
At first, an orbit is estimated using the exact ITRF97 coordinates for the DORIS tracking stations using the standard procedure described above from the actual DORIS data. This orbit will now serve as reference orbit in all our future comparisons and we will compare all our estimated orbits obtained from a different TRF to this one.

In the second step, we have changed all the tracking stations coordinates by changing one of the 7 parameters of Eq. (2) of the TRF realization (3 translations, 3 rotations or 1 scale factor). For each of these 7 parameters, we have used several values (from extremely small values to values that are basically 100 times larger than actual expected errors on this parameter). We have then compared our newly estimated orbit (perturbed ITRF97) with the reference one (original ITRF97). We can now compute the differences and conduct a sensitivity analysis for each of the 7 parameters independently.

2.3.2. Changing the TRF by exactly 1 ppb in scale and 1 cm in geocenter

{Figure 1}

Let us first consider the result of a single parameter perturbation (1 ppb in scale = 10-9  and is equivalent to 6,4 mm in all stations heights). Figure 1 shows the differences observed in the radial component between the estimated orbit (using an exact +1 ppb error in the station coordinates) and the reference orbit. This specific test was performed for T/P cycle 190 (from November 10 to November 20, 1997) using a 1-day arc strategy as described before. The plot shows characteristic effects at the orbital period (116 minutes in the case of the TOPEX/Poseidon satellite). The main orbital errors go first into this period even if some other periods of less importance could also be present (Tapley et al., 1994). The differences also show a mean of –0.006 mm, which we interpreted as an absence of systematic effect on the radial orbit component when a constant scale factor of 1 ppb is applied to the TRF.

Let us now do a similar study for the translation parameters (TX, TY and TZ from  Eq. (2)). Figures 2a, 2b and 2c show rsimilar comparisons when an exact translation of 1 cm has been applied in TX (resp.. TY or TZ)  to all the stations coordinates. 

{Figure 2}
Figures 2a, 2b and 2c also show some periodic variations. Similarly no significant offset can be found in those results (typically less than 0.1 mm for TX, TY or TZ). One centimeter translation in the tracking stations TRF cannot create any significant translation in the orbit. The orbits is centered through the adoption of the dynamic models, such as the Gravity field.
The standard deviations displayed on those plots correspond to the magnitude of the radial orbit error at the orbital period. These standard deviations are less than 3 mm for TX and TY but greater than 5 mm for TZ. So, it seems that a possible Z-shift of the Terrestrial Reference Frames could lead to a systematic effect on the radial component at the orbital period. We will analyze in the following sections how this effect can be systematic.

2.4. Estimating transfer functions from TRF parameters to derived orbit

Let us now extend our simulation study by changing the adopted value of the TRF scale factor or of the translations one after another. For each TRF parameter, we used several values (from extremely small  to extremely large values). Then, we compared the radial component of the estimated orbits with our reference (based on actual ITRF97). For each comparison, we derived the mean value and the standard deviation of the differences as described above. We then performed a linear regression of these values to derive the observed transfer function for each parameter. Figure 3 gives an example of the mean offset observed in the Z-component of the orbit when the Z-parameter of the TRF varies. In this figure, each point corresponds to the results of a single simulation, while the error bars display the observed standard deviation. It can be seen that for extremely large errors on the considered parameter, the results become less and less significant. The slope displayed on this figure and obtained by linear regression corresponds to the derived transfer function relating the observed TZ variation on the orbit to the considered TZ variation in the station coordinates.

{Figure 3}
In this first example, we studied the effect of TRF parameters on the orbit but only in the satellite frame (H: the radial component, C: the cross-track component and L: the along-track component). However, we have also done the same type of analysis in the geocentric frame (X, Y, and Z) for reasons that will be explained later. 

Tables 2 and 3 present the estimated transfer functions for each couple of considered TRF parameter and observed orbital parameter as well as an internal precision derived from the slope estimation.

{Table 2}

No significant mean orbit error can be observed in the radial component from simulated errors in the TRF parameters: TX, TY or TZ (Table 2). Similarly, no significant error orbit can be observed from simulated errors in the TRF parameters K, TX or TY, either in the satellite frame, nor in the Terrestrial frame. 

{Table 3}

However, for a simulated Z-translation of the TRF, a significant mean orbit error can be observed but only on the Z component in the Terrestrial Reference Frame. More specifically, a 1 cm error in the Z-component of the station coordinates can create a 7.4 mm offset in the Z-component of the orbit. This is compatible with the preliminary estimation from Fig. 3. This systematic effect is also observed on the radial component at the orbital period. A 1 cm shift on the Terrestrial Reference Frame leads to radial orbit error of 3.80 mm (which is three times more than for all the other parameters).

In order to assess the reliability of these results, or if they would be subject to seasonal variations, a similar study has been conducted for several others T/P cycles spread all along the TOPEX/Poseidon mission, considering different years and different seasons. Very similar results were obtained.

The TX and the TY parameters of the TRF have no significant effect on the orbit (less than 1 mm). As the orbit is naturally computed in the inertial frame, there is no privileged direction in space except that the one given by the Earth rotation axis. The X and Y coordinates of the satellite have equivalent roles and any effect would be mostly cancelled by symmetry when using a complete daily data set that spans 13 orbital periods in the case of T/P. In contrary, TZ is a particular direction for both in the inertial and the geocentric frames. A shift of all the tracking stations in this direction in the geocentric frame almost corresponds to a similar shift (but not exactly because we should also take into account the orbit inclination) in the inertial frame and would not cancel by the Earth’s rotation effect as TX and TY would. So a systematic effect coming from this Z shift can be observed in the orbit results. From Fig. 2 we can see that the systematic effect is extremely linear and that the total effect could be predicted by a simple linear formula relating the simulated Z shift on the Terrestrial Reference Frame to the observed Z component of the orbit in the geocentric frame (Eq. 4).
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With k = 7.4 mm/cm          

3. Going from orbit errors to derived mean sea level errors


We have then characterized the effect of an error in the TRF (station coordinates) on the orbit (either in satellite frame or in terrestrial frame). We now need to go one step further and to characterize the errors that would be seen by the oceanographers when using such a perturbed orbit without knowing.

First of all, we must notice that the geographical distribution of the oceans between the northern and the southern hemispheres is not homogeneous. Fig. 4 shows the tracks on the TOPEX/Poseidon over the oceans. It can be seen that a significantly larger part of the ocean surface can be found in the Southern hemisphere.

{Figure 4}

As the mean sea level will be estimated by the oceanographers as a mean value of the differences between the satellite altitude and the radar altimetric measurements over the satellite tracks above the ocean surface, errors in southern hemisphere will have a large effect, as they are statistically over-represented in the radar measurements data sets (Cazenave et al., 1999). We can then write Eq. (5).
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where 
[image: image11.wmf]corresponds to the mean value of parameter u of the oceans.

We must now extend our simulation study by obtaining the systematic effect not only for all the orbit points over the globe (as done previously) but only over the ocean surfaces where altimetric measurements could be performed. We have used AVISO CD-ROM to geographically determine these portions of the orbit (AVISO User Handbook, 1996).

{Table 4}
Table 4 shows results similar to table 2 (in which all orbit points are considered) but this time only for points above the oceans. These results are now quite different as a Z-bias in the station coordinates can have a noticeable effect in the radial orbit component over the oceans and then in the derived estimated sea level. This can be explained by the combination of two factors. First, we have seen in the previous part that the radial orbit error at the orbital period depended systematically on a Z-shift on the Terrestrial Reference Frame. Secondly, these errors are completely geographically correlated as we can see on Fig. 5.

{Figure 5}

Fig. 5 represents the geographical distribution of the predicted errors coming from a Z-bias in station coordinates, using the GMT software (Wessel and Smith, 1995). We can note a clear North-South asymmetry. Positive errors mostly populate the northern hemisphere while negative errors can be found in the southern hemisphere. So, when we only consider the radial orbit errors over oceans (to assimilate them to mean sea level errors as deduced from radar measurement assimilation), the positive errors are less numerous than the negatives ones, creating an artificialnegative bias on the observed mean sea level.

No similar effect can be observed for the scale factor or for the TX or TY translations,  because the radial orbit errors at the orbital period are not affected by these parameters (see table 2, for TX and TY the radial orbit errors at the orbital period are three times less than TZ). 

{Figure 6}
Fig. 6 represents the geographical distribution of the predicted errors coming from an X-bias in station coordinates. Whereas we observe a symmetrical error orbit distribution in longitude, no bias can finally be observed, mostly because the radial orbit errors are small.

In conclusion, we can assess that the more important systematic error of the Terrestrial Reference Frame (as realized by the stations coordinates) comes from a potential Z-bias in the TRF realization. This effect can be predicted in the case of the TOPEX/Poseidon mission using the Eq. (6).
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Where TZ is the Terrestrial Reference Frame error.

Even if their effects are very small, we also give here for completeness the transfer functions estimated for TX and TY in Eq. (7) and Eq. (8).
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4. Do 10-day arc orbit produce same transfer functions

In order to fully validate our present study, we should also consider longer orbit arcs processing as routinely done by CNES and NASA in the precise orbit estimation (POE) of the satellite TOPEX/Poseidon (Table 1). 

Instead of using the 1-day arc processing strategy described above , we have done the same study using 7-day arcs using the same procedure but only for a few cases. The 1-day arc strategy allowed us to do a large amount of simulations as presented before as the CPU involved is quite low (about 2 minutes for 1 day of data).
{Table 5}
Table 5 presents the main results of this new study. Results are totally compatible with those obtained previously in table 2 and 3. The conclusions are confirmed and the orbit arc duration does not influence these results.

5. Present uncertainties in recent Terrestrial Reference Frame realizations

In order to assess the magnitude of the errors coming from the Terrestrial Reference Frame in the total error budget of the mean sea level determination, we first need to assess the current accuracy of the recent realizations of the International Reference Frame and specifically for the Z-translation, as well as its time derivative for reasons explained before.

We have then compared recent realizations of Terrestrial Reference Frame using the new CATREF software developed at IGN (Altamimi, 1997; Boucher et al., 1999) to the ITRF97 that was previously used as reference. In some cases, we have compared the TRF for technique-specific sub-network (such DORIS or SLR) in order to look for possible « network-effects ».

Table 6 shows that current inconsistencies are still visible in recent following realizations:

· ITRF92 : first realization including GPS results,

· ITRF94: first realization including DORIS results,

· CSR95L01: used as ITRF reference for scale and origin until ITRF93,

· CSR98L01: latest realization for SLR results at CSR,

· CSR95D01: realization with only DORIS data at CSR in 1993,

· CSR96D01: realization with only DORIS data at CSR in 1996,

· ITRF96 and ITRF97: the latest realizations processed with the position-velocity for each solution in the ITRF.

{Table 6}
The DORIS results seem to be the less consistent compared to the other techniques (VLBI, SLR, GPS). From this table, we will use the following values as current precisions in the realization of the TRF: 

· K is determined at the 1.5 ppb and maintained in time at the 0.5 ppb/year level,

· TX is determined at the 1 cm and maintained in time at the 0.4 cm/year level,

· TY is determined at the 2 cm and maintained in time at the 0.5 cm/year level,

· TZ is determined at the 2.5 cm and maintained in time at the 0.3 cm/year level (Smith et al., 1999).

If we use these typical values as realistic uncertainties in the current realizations of the TRF, we can derive using Eq. (7) and Eq. (8) the following error estimations in the mean sea level. In fact this approach may be a little optimistic, as some additional systematic errors may still exist between all the considered realizations in table 6.
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These values may seem large to most oceanographers. They reflect the differences between the estimated value and the “truth”, from a geodetic and metrological point of view, while oceanographers are more used to internal precision, as they would only compare results internally (same satellite mission, for a limited time span) or fit some additional parameters (biases and drifts between mission-dependant results) to remove possible inconsistencies.

6. Conclusions

    
In conclusion, we have derived for the TOPEX/Poseidon mission simple transfer functions that can be used to predict the systematic error in the mean sea level and in the sea level rise that would be seen by the oceanographers as coming from Terrestrial Reference Frame realizations. The larger effects come from the Z-translation and the Z-translation evolution in time of the terrestrial reference frame. Typically, a 1-cm bias in the TZ realization could create a –1.2 mm in mean sea level determination. Similarly, a 1-cm/yr bias in the TZ rate realization could create a –1.2 mm in mean sea level.
We have also applied to use these formulas to estimate the required level of accuracy that will be needed in the future ITRF realizations in order to meet users requirement of more recent oceanographic missions such as Jason-1. A factor of improvement of 2 seems to be needed if geodesists want to fulfill these long-term very demanding scientific needs. ITRF-97 type of realization have an internal precision that would map in 3 mm uncertainty in the mean sea level and 0.37 mm/yr uncertainty in the mean sea level rise derived determination.
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TABLES

	ESTIMATED PARAMETERS
	IGN STRATEGY
	CNES STRATEGY
	NASA STRATEGY

	Orbit
	X, V initial
	X, V initial
	X, V initial

	Solar pressure
	no
	1 coefficient / arc
	no

	Atmospheric drag
	no
	1 coefficient / 8 h
	no

	Empirical parameters
	1 set / day

Al, Bl, Cl, Ac, Bc
	3 sets / cycle

Al, Bl, Cl, Ac, Bc
	1 set / day

Al, Bl, Ac, Bc

Cl / 8 h

	Troposphere
	1 bias / pass
	1 bias / pass
	1 bias / pass

	Station clock
	1 bias / pass
	1 bias / pass
	1 bias / pass

	Pole coordinate
	X, Y / day
	No
	No

	Pole rate
	X,Y / day
	No
	No

	Earth rotation
	No
	No
	No

	Earth rotation rate
	No
	No
	No


Table 1. Comparisons of different strategies for TOPEX/Poseidon orbit processing : IGN orbit (30-hour arc orbit), CNES operational orbit (10-day arc orbit) and NASA operational orbit (10 day arc orbit). Al, Bl: parameters along the track; Ac, Bc: parameters cross the track; Cl: constant along the track.

	
	DH

(mm)
	DC

(mm)
	DL

(mm)

	K
	0.01  +/-  0.34
	-0.02  +/-  5.40
	-0.04  +/-  4.20

	TX
	0.00  +/-  1.17
	0.02  +/-  1.06
	0.40  +/-  2.40

	TY
	0.02  +/-  1.37
	0.15  +/-  3.16
	0.90  +/-  3.34

	TZ
	0.01  +/-  3.80
	0.37  +/-  0.96
	0.01  +/-  7.60


Table 2. Mean effect observed on satellite orbit in the satellite frame (DH = radial, DC = cross-track, DL = along-track) coming from an error in a single TRF parameter (1 ppb for scale factor and 1 cm for translations) applied to all the DORIS stations coordinates.  Results for November 16, 1997.

	
	DX

(mm)
	DY

(mm)
	DZ

(mm)

	K
	0.05  +/-  2.90
	0.04  +/-  2.96
	0.07  +/-  2.10

	TX
	0.53  +/-  1.95
	0.02  +/-  1.81
	0.14  +/-  0.99

	TY
	0.12  +/-  3.27
	0.78  +/-  3.18
	-0.45  +/-  1.64

	TZ
	0.16  +/-  2.60
	0.57  +/-  2.80
	7.36  +/-  1.78


Table 3. Mean effect observed on satellite orbit in the Terrestrial Reference Frame (DX, DY, DZ) coming from an error in a single TRF parameter (1 ppb for scale factor and 1 cm for translations) applied to all the DORIS stations coordinates.  Results for November 16, 1997.

	
	DH

(mm)

	K
	-0.02 +/- 0.6

	TX
	-0.14 +/- 1.1

	TY
	-0.14 +/- 1.1

	TZ
	-1.21 +/- 3.6


Table 4. Effect observed on the mean sea level (DH) observed from an error in the Terrestrial Reference Frame (1 ppb in scale factor or 1 cm in translations) applied to all the DORIS stations coordinates T/P cycle 173.

	
	DH

(mm)
	DX

(mm)
	DY

(mm)
	DZ

(mm)

	TX
	-0.01 +/- 0.74
	0.22 +/- 1.47
	0.13 +/- 1.37
	0.19 +/- 1.29

	TY
	0.02 +/- 0.95
	0.15 +/- 1.49
	0.30 +/- 1.78
	-0.20 +/- 1.27

	TZ
	-0.01 +/- 3.84
	0.13 +/- 2.97
	0.04 +/- 2.93
	7.36 +/- 1.91


Table 5. Radial orbit error for a 7-day arc orbit in the geocentric frame (DX, DY, DZ) and in the satellite frame for a shift of 1 cm of all DORIS tracking stations. The standard deviation corresponds to the radial orbit error at the orbital period.

	
	TX

(cm)
	
[image: image17.wmf]
(cm/y)
	TY

(cm)
	
[image: image18.wmf]
(cm/y)
	TZ

(cm)
	
[image: image19.wmf]
(cm/y)
	K

(ppb)
	
[image: image20.wmf]
(ppb/y)

	ITRF92
	0.80
	0.00
	0.20
	0.00
	-0.80
	0.00
	-0.80
	0.00

	ITRF93
	-2.59
	-0.29
	-0.06
	0.04
	-0.62
	0.08
	0.40
	0.00

	ITRF_94 DORIS
	0.86
	0.12
	0.67
	0.14
	0.60
	0.08
	-1.96
	-0.1

	ITRF94_SLR
	0.16
	0.02
	0.39
	0.09
	0.46
	0.08
	-0.42
	-0.09

	ITRF96_DORIS
	-0.21
	-0.04
	0.03
	-0.01
	1.49
	0.23
	-1.42
	-0.13

	ITRF96_SLR
	0.01
	0.00
	-0.03
	0.00
	0.12
	0.03
	-0.13
	-0.02

	CSR95D02
	0.42
	0.16
	-2.98
	0.63
	1.12
	-0.12
	-1.12
	0.43

	CSR96D01
	-0.72
	-0.38
	-1.81
	-0.27
	3.75
	0.35
	-0.42
	0.21

	CSR95L01
	-0.18
	0.04
	0.28
	0.14
	2.19
	0.27
	0.60
	-0.37

	CSR95L01
	-0.20
	0.04
	-0.07
	0.11
	2.51
	0.30
	-3.56
	-0.38


Table 6. 14-parameter comparisons of previous IERS and CSR realizations of the TRF with the ITRF97 solution (at epoch 1999.0).

Figures Captions

Figure 1. Observed radial orbit errors coming from a systematic scale factor error of 1 ppb in the Terrestrial Reference Frame adoption (TOPEX/Poseidon, November 97). Concatenated daily arcs.

Figure 2a, b and c. Observed radial orbit errors coming from a systematic translation of 1 cm on X (resp. Y and Z) applied to all DORIS tracking stations. T/P, November 16, 1997.

Figure 3. Observed mean orbit errors (Z component) coming from a Z shift on all the DORIS tracking stations. T/P, November 16, 1997.

Figure 4. Geographical distribution of the TOPEX/Poseidon repeat tracks (10-day period) over the oceans.

Figure 5. Observed geographical mean sea level errors coming from a Z translation of 1 cm on the terrestrial reference frame (stations coordinates).

Figure 6. Observed geographical mean sea level errors coming from a X translation of 1 cm on the terrestrial reference frame (stations coordinates).
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