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Abstract

Following an earlier recognition of degraded monthly geopotential recovery from GRACE (Gravity Recovery And Climate Experiment) due to prolonged passage through a short repeat (low order resonant) orbit, we extend these insights also to CHAMP (CHAllenging Minisatellite Payload) and GOCE (Gravity field and steady state Ocean Circulation Explorer). We show wide track-density variations over time for these orbits in both latitude and longitude, and estimate that geopotential recovery will be as widely affected as well within all these regimes, with lesser track density leading to poorer recoveries. We then use recent models of atmospheric density to estimate the future orbit of GRACE and warn of degraded performance as other low order resonances are encountered in GRACE's free fall.  Finally implications for the GOCE orbit are discussed. 
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1. Introduction

Both CHAMP and GRACE data have helped to improve parameters of the static gravity field of the Earth significantly and mainly from GRACE have also been used to describe its variation in time (e.g., Tapley et al. 2004; Sneeuw et al. 2005; Biancale et al. 2006; Lemoine et al. 2007). But it was discovered that the accuracy of the derived gravity parameters varies with time though the quality of data and number of observations remains basically the same within each satellite's domain (Tapley et al. 2004; Bettadpur et al. 2004;  Bettadpur  2006). 

Our analysis of these variations in recovery has been inspired by work of S. Bettadpur and his colleagues in year 2004.  First we focused on GRACE and on the resolvability of geopotential harmonics when an exact β/α resonance was encountered (β nodal revolutions of satellite per α synodic days, β and α  being co-prime integers), see Wagner et al. (2006).   Yamamoto et al. (2005) investigated a similar effect for GRACE by simulations; they showed that the geoidal height error increased by up to one order of magnitude at the resonance specified by β/α= 61/4.

Since the density of GRACE or CHAMP ground tracks is highly variable with time (in latitude as well as longitude) it is reasonable that lower ground track density leads to less accurate gravity parameters. The physical reason for lower density is the phenomenon of the repeat orbit, i.e. of orbit resonance, which occurs for certain inclinations at certain altitudes. The free falling orbits theoretically encounter an infinite number of orbit resonances. The low-order resonances (those with small value β) have a great impact on the geometry of ground tracks, they generate remarkably sparser ground tracks than in a “non-resonant” state (or in a resonant state with a high β), leading then to reduced accuracy in the derived gravity parameters. However, these resonances can be avoided by appropriate orbit manoeuvres or by keeping the orbit at a constant, properly selected altitude, by station-keeping manoeuvres or by use of a drag-free system.

In this paper, we deal with the variable quality of gravity field products as a result of variable ground patterns, in particular poor quality in case of low order resonant (repeat) orbit modes. It is a simple but important item and we provide visualization of the ground track density in 3D form. Then we predict which and when the next low order resonance for GRACE will occur and finally we warn against poor orbit configurations for GOCE.

2. Basic explanation of the accuracy degradation

    2.1.  GRACE  and the 61/4 repeat orbit

It was observed that the accuracy of the monthly gravity solutions based on the GRACE data significantly degraded from late 2003 through 2004 (becoming more accurate again in 2005). This problem was broadly discussed with Bettadpur (priv. communs. from 2004-2006).  Figure 1 depicts the increase of the square-root formal degree error variance of the monthly solutions against degree.

The explanation for this “accuracy degradation” was found quickly (Wagner et al. 2005), utilizing previous experiences in the study of resonant phenomena in the orbits of artificial Earth satellites (e.g., Gooding 1971,  Allan 1971,  Wagner and Klosko, 1977,  Klokočník 1983,  Wagner 1989,  Gooding et al. 2007). The resolution problem with the GRACE data in 2004 comes from the short-repeat cycle of β/α = 61/4 of GRACE, which occurred in September 2004. The accuracy of the monthly solutions had decreased step by step as the exact 61/4 resonance approached, with the poorest accuracy for the monthly solution in September 2004.  After this resonance the accuracy returned to normal during 2005 (see Fig. 1).

2.2. Plots of ground tracks 

In the close (altitude) vicinity of any short repeat cycle of an orbit, satellite ground tracks have a much lower density than far from it. This is clearly shown in Figures 2a,b,c for GRACE around the 61/4 repeat and in Figures 3a,b,c for resonances of CHAMP.  Figure 4 shows an increased density for a theoretical combination of ground tracks of CHAMP and GRACE.

The ground tracks are computed by numerical integration from two-line-elements (TLEs), accounting only for the orbit's precession due to the dominant harmonic C2,0. Note the remarkable variability of ground track distance with time as well as latitude.  For GRACE (inclination I = 89.020), the largest distance is not at the equator but at latitudes ± 40o (see Fig. 2). For CHAMP (I = 87.250), the maximum distance is at the equator (Fig. 3). Although CHAMP and GRACE have similar orbital inclination and semimajor axis, they are still different enough to create totally different ground track patterns. The combination of both missions, taken in the critical month for GRACE (September 2004), creates an interesting network (Fig. 4) which is denser than that for GRACE alone.  For non-polar, resonant orbits, a pattern of "diamonds“ created by the repeating ascending and descending tracks entirely governs the density/sparsity of the distribution. But for nearly polar (but pro-grade) orbits like those of CHAMP and GRACE, the tracks have extra crossings (not with a strict diamond pattern) away from the equator, due to the varying effects of the Earth's significant rotation on the longitude of such an orbit.
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The key considerations connected with the variable density of ground tracks are the accuracy decrease and affected resolution to Mmax or Lmax (maximum order or degree) derived from the data.  If  Mmax > β /2  in the vicinity of  the β/α  repeat orbit, for the same quantity and quality of the data and the same processing method, the reduced spatial distribution by sparser tracks will lead to restricted recovery and reduced accuracy of geopotential information. This effect was investigated by Wagner et al. (2006); its analogue in track density for all orbits is discussed in this article.

      2. 3.  Simulation of the accuracy degradation

The accuracy degradation of the monthly gravity solutions is well illustrated by the example of GRACE. Two monthly solutions, one for an interval around a low order resonance and one for an interval away from such a resonance, can be compared in terms of the structure of the variance-covariance matrices of their solved-for geopotential coefficients. The observation model used was based on the acceleration difference described in Novák et al. (2006). In a simplified form, it can be written as follows:
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Observed values on the left-hand side of Eq. (1) include GRACE satellite-to-satellite tracking (SST) data represented by the squared magnitude of the satellites velocity vector difference 
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, the inter-satellite range ρ and the latter‘s first- and second-order time derivatives. Expanding the geopotential V on the right-hand side of Eq. (1) into a truncated spherical harmonic series, the design matrix contains gradient differences 
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 of the spherical harmonics projected on the inter-satellite unit vector
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. Finally, the unknown values to be determined are the harmonic coefficients of the geopotential. 

This design matrix is used for computing a matrix of normal equations, which on inversion represents (for a given precision of observations) the variance-covariance matrix of the unknown geopotential coefficients. In this evaluation, the observed values themselves play no role. For simplicity all observations are assumed to be uncorrelated. Thus, the computed variance-covariance matrices in this study are only meant for a relative comparison between the two periods (resonant and non- resonant). As they are computed from the relative positions of the two satellites, the structure of the matrices can be related directly to the satellite orbits and their ground track density. We proceed to evaluate these correspondences.

Two sets of GRACE orbits were used for evaluation of the variance-covariance matrices: 30 days in August 2003 for a typical non-repeat interval, and 30 days in September 2004 for the  61/4 resonance orbit. The orbits were integrated using EGM 96 (Lemoine et al. 1998) up to maximum degree and order 60; the distance ρ  was 200 ± 50 km. 

Figure 5 then shows computed values of the dimensionless rms error degree variances (identical parameters to those plotted in Figure 1) versus degree of the spherical harmonic expansion for the non-repeat interval as well as those for the resonance. These values were obtained for an expected accuracy of the observations in Eq. (1) at the level of 1 μm/s2. They were additionally re-scaled by √(5/30) to account for the different sampling rate of the data used in this analysis (30 s) as compared to that used in Figure 1 (5 s). Moreover, the scale of 0.01 was applied to account for range accelerations used as observables as opposed to standard range rates. 

Figure 5 clearly reveals a significant decrease in accuracy during the 61/4 resonance, compared to the non-resonant case, which agrees well with the trend in Figure 1. We see that the orbital geometry has a significant impact on the accuracy of the recovered geopotential coefficients, so it must be expected that any resonance of GRACE and other gravity-dedicated satellites may suffer a similar degradation of accuracy if the number of revolutions-to-repeat is not sufficiently high.

2.4.  Resonance diagrams for CHAMP and GRACE

For  a given orbit inclination (kept fixed) and a range of semi-major axes (or heights) we can compute a series of  β/α repeat orbits which starting from an initial altitude will be encountered by a free falling satellite (Klokočník et al. 2003). These are the “resonance diagrams” (Figs. 6 for GRACE, 7 for CHAMP, and 15 for GOCE), i.e. diagrams of future repeat conditions (without timing estimates). On the x-axis there is α, on the y-axis we have mean altitude above the Earth. This altitude is computed as the mean radius of the orbit minus the mean equatorial radius of the Earth (e.g., Klokočník et al. 2003).  The β values are in the field of the figure. Time goes from top to bottom on the y-axis as the satellite decays, but it cannot be explicitly given without knowledge of atmospheric drag acting on the particular orbit (Sect. 4).  So, these graphs indicate where but not when the orbit reaches certain repeat conditions.

The diagram for GRACE A and B in Figure 6 shows all important resonances encountered during several years of GRACE's existence since launch. For GRACE, the “repeats” 76/5, 137/9 and the most influential 61/4 resonance has already occurred (prior to summer 2007). The 107/7 will occur in 09/2008-12/2008 and the low-order 46/3 repeat might be a problem in 2010 (if the mission will still be active). For details see Sec 4.3. Yamamoto et al. (2005) provided a list of heights with various repeat orbits, but none below 400 km is likely to be reached in GRACE's active lifetime. In addition, these authors give no estimate of when the particular repeat regime will occur.  In Section 4 we make use of recent models of the atmospheric mass density to estimate extreme values of the atmospheric drag and the future of the free orbit contraction of GRACE, including predictions of periods of the reduced geopotential resolution near these short repeat orbits.

For CHAMP, the evolution diagram of Figure 7 shows details at and below the 31/2 resonance. The orbit passed throughout these main resonances: 46/3 (October 2000), 77/5 (September 2001), 31/2 (May 2002, October 2002, and June 2003), 78/5 (November 2004), and 47/3 (November 2005, January 2007). The orbit of CHAMP has been raised 3 times by about +20 km at each manoeuvre, which permitted extended passes through low order resonances in the years 2002 – 2007, three times through 31/2 and twice through 47/3 (see Figure 1 in Gooding et al. 2007).

3. Ground track density                                                       

For an actual orbit in an arbitrary time span we can characterize the ground track density d conservatively in terms of the maximum spacing between adjacent tracks at given latitude: the smaller the numerical value of the density d, the higher the density of the ground tracks. We present these maximum spacings ('d' at each latitude), always for 30-day time spans, appropriate when judging geopotential recovery from monthly data, for CHAMP and GRACE from their published Two-Line-Elements.  The densities were found by noting the passage of the tracks throughout each ½° x ½° bin during that time span.  
First we show profiles of the density for GRACE in Figure 8 and of CHAMP in Figure 9.  Then we show sets of such profiles yielding a “3D time evolution” of density over several years, with step size of one month  -  see Figures 10 a-c for GRACE, CHAMP and the pair GRACE&CHAMP, respectively.

Comparing the profiles of density for GRACE in November 2005 with September 2004 (Fig. 8), they differ remarkably due to the proximity to the 61/4 resonance (in the latter case). Significant variations with latitude are dictated by the geometry of the ground tracks (see Figs. 2a-c). The profile for CHAMP in February 2003 (far from the 31/2 and 47/3 resonances) is compared with that of November 2005 (close to the 47/3 resonance) in Figure 9.  A summary of the density's time evolution for GRACE, CHAMP and the hypothetical combination is shown by Figures 10 a-c. GRACE’s passages through the 76/5, 137/9, and the most pronounced 61/4 are clearly visible. The 107/7 repeat cycle is the next but not so critical in terms of expected accuracy degradation. For more details about 107/7, 46/3, and 31/2 see Sect. 4.3.

For CHAMP, we identify the strong influence of 46/3, 31/2 and 47/3 (ordered by time). The combination of satellites on CHAMP-like and GRACE-like orbits would yield an important decrease of density variability (Figs. 4 and 10c) compared with the individual satellites (note the same scales on the y-axes in Figs. 10 a-c). This would improve the geopotential recovery in these individually sparse-track periods when a combined satellite solution is taken covering these times.

Figure 11 is for GRACE alone in a hypothetical case that assumes two orbit manoeuvres (selected arbitrarily, always with an increase of semimajor axis by about 10 km) bringing the orbits of GRACE A and B “sufficiently far” from (and in between) both the 61/4 and 46/3 repeat conditions. Thus, to avoid a repetition of the significant decrease in the accuracy (and resolvability) of a monthly geopotential solution well known from the 61/4 case, we suggest increasing the orbit of the GRACE twins, when they will already be well below 61/4, yet still enough above 46/3 for long active lifetimes (see Fig. 6).

Wagner et al. (2006) showed that the ideal geopotential resolution in the repeat orbits required β>2Lmax. Thus, for 61/4, Lmax should be only 30 for a minimally correlated solution. If the orbit could be kept for a longer time (with small repeated orbit manoeuvres) “sufficiently” far from any strong resonance (like 61/4 or 46/3 in the case of GRACE), then the density, and in turn the accuracy, should not decrease significantly (see the scenario in Fig. 11).  We found that the density changes in time are already small for β ≈ 150 and negligible for β ≥ 250.  Thus, for “weak” resonances (long-repeat periods), we can theoretically achieve Lmax ≈ 120 as used, e.g., by Bettadpur et al (2004). However, the lowest-order resonances, like 61/4 or 46/3 (and similar for other orbits), are and will remain an obstacle to the goal of uniform accuracy in monthly (short-term) gravity recovery.

We tested CHAMP and GRACE (Figs. 12 a,b) with known results (Figs. 10 a,b) and then we extrapolated for GOCE (Fig. 13). Note the huge effect of the 16/1 resonance in the case of GOCE. 

4.  Predicting orbit decay: impact on the accuracy of future GRACE gravity solutions 

4.1. Introduction

Bearing in mind the degradation in the GRACE gravity solution accuracy around the 61/4 resonance in September 2004, we tried to predict the dates of future passes in free fall through further important repeat orbits (see also Wagner et al. 2006 for a simple extrapolation to these dates). Here we used a semi-analytical theory of motion for Low Earth Orbiting satellites (LEO) (Bezděk 2004, 2006)  together with a model of solar activity with three levels (low/mean/high) and we fitted an atmospheric drag coefficient for GRACE to agree with its previous semimajor axis decay. As is well known, the main limitation in predicting the orbital evolution for LEO is the uncertainty in the solar activity in UV (order of tens, or even hundreds of percent), combined with the uncertainty in modelling the atmospheric drag that acts on satellites (about 10–20%). The mean uncertainty in the drag coefficient CD  is  5-10% and the mean uncertainty in neutral density (even knowing the correct UV) is about 10–15%. [e.g., Bruinsma et al. 2004].    

4.2.  Note on  theory of motion for LEO satellites under air drag

We used the so-called STOAG theory (Semianalytic Theory of mOtion under Air drag and Gravity), which rapidly yields reasonable changes over years in the orbital elements, especially due to atmospheric drag. The main ingredients of the theory of Bezděk (2004, 2006), Bezděk and Vokrouhlický (2004) are:  (i)  air drag based on the specific formula of the model TD 88 (Total Density), e.g., Sehnal (1990);  (ii)  inclusion of secular and long-period geopotential perturbations  due to the zonal harmonics  C2,0 – C9,0;  (iii)  integration in non-singular elements for small eccentricities and/or inclinations; (iv) inclusion of direct lunisolar perturbations. 

4.3. Prediction for GRACE future repeat orbits

To verify the method, we made several test-predictions of the past evolution of GRACE. We used the theory together with a model of solar activity with three levels (Fig. 14a), and the ballistic coefficient B fitted to the 2006 orbital data, using the actual measurements of solar activity. The ballistic coefficient is necessary to properly model the air drag acting on the spacecraft; it is usually obtained by fitting it to the actual orbital data. The resulting estimates of semimajor axis evolution for 2006 are in Figure 14 c.

In order to obtain some idea about the mean orbital evolution, we used the mean level of the modelled solar activity together with the mean fitted ballistic coefficient. In order to have a reasonable uncertainty band for the minimum solar activity, we reduced B by 3%, which corresponds to the standard deviation of B; for the maximum solar activity level we augmented B by 3%. The limiting curves in Fig. 14b are the prediction bounds with these considerations.  In this case, the observed semimajor axis data fits rather well into the theoretical uncertainty band, but one should not forget that over many years the Sun is less predictable. Thus, we were able to predict the GRACE semimajor axis evolution one year ahead with only 1km uncertainty.

To predict the post 2007 decline, we followed the same fitting process as with the 2006 data.  In Figure 14c we see the prediction for the semimajor axis for 2007–2011, together with approximate dates of passages through key resonances. The first pass through an important resonance, 107/7, falls in the period 09/2008–12/2008 and then the 46/3 in 03/2010–05/2011. The figures do not show either the 77/5 resonance (03/2011–11/2013) nor the 31/2 one (04/2012–06/2020), as these are likely beyond the mission's lifetime. The wide range in the predictions shown in Figure 14d results primarily from our inability to forecast the date when the new solar cycle begins. 

5.  GOCE and resonances

The GOCE mission objectives are to determine gravity anomalies with an accuracy of 1-2 mGal and geoidal heights with an accuracy of a few centimeters at a spatial resolution of 100 km (half-wavelength), corresponding to degree/order 200  in the geopotential harmonic expansion. GOCE has, among other instruments, a gradiometer, see e.g., Sünkel (2002), www.esa.int/workshops/goce06.

The scientific requirements for the GOCE mission call for gravity field sampling for a year or more at a very low, constant altitude. It was decided by the European Space Agency (ESA) that there would be two measuring phases,  first at altitude of about 270 km and second at a lower altitude  (visit www.esa.int /livingplanet/goce, plus information from GOCE project leaders distributed at the GOCE worskshop in ESRIN, Frascati 2006, www.esa.int/workshops/goce06 and R. Floberghagen, private communications 2007-2008).

All active orbits (for the measurement phases) are to be nearly circular and maintained by continuous thrust in the direction of motion, of a magnitude equal to the atmospheric drag at the given time. (If the active orbits were free, fully affected by the drag, they would decay in a few months.)  

For GOCE the task is not to investigate the role of resonances in free-falling orbits but to select the orbits for the measuring phases correctly, i.e. to warn against a bad orbital configuration that would lead  to a low density and irregularities in the ground tracks. To investigate this we predicted a free falling GOCE orbit starting from the initial elements a = 6651.593 km, e = 0.0015, and I = 96.547o (Abrikosov GFZ, private communication 2006). 

Figure 15 shows the repeat conditions that would then be encountered. Our goal should be to avoid an orbit at or very close to β/α = 16/1 resonance, as well as other low-order repeat orbits of significant duration, such as 49/3, 65/4, 81/5, 82/5 or 97/6. The densities at the equator (half-wavelength d/2)   would be 100 (or thereabouts), 205, 250, 300, 400 and 1250 km for β equal to 200 (or a nearby integer), 97, 81, 65, 49 and 16, respectively. For the high order resonances, like 467/29 (a "Delft choice“) or 975/61 (one of the choices by Floberghagen et al., private communication 2008) we could (if the gradiometer were sensitive enough) get values for d/2 of about 40 km (for 467/29) and 8 km (for 975/61), already small enough to reach the wavelength goals of GOCE.  For three examples of the ground track densities see Figures 16a-c. A logical choice would be the orbit not above but below the 16/1 resonance, so as to increase sensitivity to the field. But other constraints (Floberghagen et al., private communication 2008) can change this option.

6. Conclusion 

There is an evident correlation between the accuracy degradation of solutions for gravity field parameters, namely for their temporal variations (monthly or 10-day solutions), and the occurrence of “short” repeat satellite orbits (in low-order resonances). For example, in the vicinity of the 61/4 repeat of GRACE, the density of ground tracks decreased by roughly one order of magnitude relative to the normal situation before and after the resonance (more than two months from the exact resonance).   In a low-order repeat orbit, one may have the same amount and quality of observations for recovery of the gravity field parameters, but the spatial distribution of the data due to the repeat condition is inevitably much sparser (namely in longitude). 

Over a long-term mission, encompassing several such repeat orbits, the density variations may be large with time as well as latitude. This was not so critical for pre-CHAMP gravity models based on a variety of satellite orbits with intermittent (not continuous) tracking as well as terrestrial data. The consequence (of this possible variation) for recent and future gravity solutions based on single-satellite continuously tracked data is that to achieve maximum accuracy and resolution in recovery, the orbit design must avoid short repeat cycles (low-order resonances). It is possible to achieve this either by (i) manoeuvring to avoid undesirable orbits (in an otherwise 'free fall') or (ii) keeping an orbit with stable altitude and suitably dense ground tracks. We suggest the former for the future of GRACE A and B (to avoid 46/3) and the latter for the GOCE measuring phases (to be at constant altitudes preferably below the 16/1 resonance).
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Fig. 1. Dimensionless RMS error degree variances of fully-normalized geopotential coefficients of the monthly gravity field solutions (calibrated errors, CSR, Release 4), from May 2004 to March 2005.  Courtesy:  M. Weigelt. 
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Figs. 2 a,b,c (from top to bottom). Ground tracks of GRACE A around the exact 61/4 orbit resonance (from top to bottom: January, September, and December 2004).  Compare with CHAMP, Figs.  3 a-c.

[image: image21.png]latitude

900

s it ’f« i e M
450 ‘::”'!‘.“?‘w_“!: | “" ng; MWM‘M ' '1
oo T e it
n ‘ W“unmm -rl"
-450-| b
M’ ,”‘.5“.5“ ”.

I
00 60° 1200 1800 2400 300° 3600
longitude




Figs. 3 a,b,c.  Ground tracks of CHAMP about two months before the 46/3 resonance (October 2000), (a), at this resonance (b), and at the 31/2 resonance (June 2003), (c). Time variable CHAMP-only gravity field solutions can also suffer accuracy variations (e.g., Sneeuw et al. 2005) near these resonances, reflecting variations in the ground track density.
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Fig. 4. Combined ground tracks for GRACE and CHAMP (September 2004), over four days. Compare with the tracks for GRACE and CHAMP satellites separately (Figs. 2 and 3). 
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Fig. 5.  Simulated dimensionless RMS degree variances of fully-normalized geopotential coefficients versus degree of harmonics (up to 60) for August 2003 and for September 2004 (61/4 resonance). There is a significant difference in precision between the two cases, the resonance one being poorer at all degrees in spite of the orbit being at a lower altitude. This finding agrees well with the trend for actual GRACE monthly solutions shown in Fig. 1
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Fig. 6. Resonances of GRACE A/B since their launch with y-axis for mean altitude above the Earth based on the Kozai’s mean semimajor axis (more details in Klokočník et al. 2003). On x-axis we have repeat periods  α [days], dots inside the figure denote number of nodal revolutions of the satellite, i.e. 

β [revs] in α days. As a conservative rule, for the most accurate geopotential resolution to degree Lmax, the orbit should not be close to a repeat where β < 2Lmax.
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Fig. 7. Resonances of CHAMP since 31/2 to decay.
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Fig. 8. Profile of density of ground tracks over latitudes for GRACE in November 2005 (thick blue curve) and in September 2004 (thin violet curve), at the 61/4 resonance. The zig-zag features are here largely because of non-commensurability between the sampling used to compute the ground tracks and the resonant (repeat) periods. 
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Fig. 9. Profile of density of ground tracks over latitudes for CHAMP in February 2003 - far from 31/2 and 47/3  (thick blue curve) and for November 2005 - close to the 47/3 resonance (thin violet curve). Note the worst situation for November 2005 is at the equator.
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Figs. 10 a,b,c.  Evolution of ground track density for GRACE, CHAMP (since their launches) and the pair GRACE&CHAMP (since 2002) to the end of 2005.  

There are remarkable differences in the density (not percents but multiples) during the lifetime of these satellites, with minima of density at the resonances. Also the dependence on latitude is enormous. Note that the density does not have its minimum always at the equator. 
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Fig. 11.  Simulation of the density for GRACE in a hypothetical case assuming two orbit manoeuvres keeping the orbit sufficiently below  the 61/4 and above the 46/3 resonances. The difference between Fig. 11 and 10a  is huge.
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Figs. 12 a-b.  Evolution of theoretical density for GRACE (left) and CHAMP (right). To be compared with Figs. 10 a-b. Note that CHAMP orbit began below the 61/4; the nearest resonance after the launch in July 2000 was the 46/3 in October 2000.
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Fig. 13.  Density for a hypothetical, freely decaying GOCE orbit from a selected initial orbit (just at the 16/1 orbit repeat). In reality, the project GOCE will have two measuring phases with two or more orbits at specific, constant altitudes. To avoid a sparse ground track network from potentially low accuracy of GOCE gravity field products, the choices should avoid too close vicinity to the low-order repeat orbits. 

[image: image14.emf]1

9

9

7

1

9

9

8

1

9

9

9

2

0

0

0

2

0

0

1

2

0

0

2

2

0

0

3

2

0

0

4

2

0

0

5

2

0

0

6

2

0

0

7

2

0

0

8

2

0

0

9

2

0

1

0

2

0

1

1

2

0

1

2

2

0

1

3

2

0

1

4

2

0

1

5

2

0

1

6

2

0

1

7

2

0

1

8

60

80

100

120

140

160

180

200

220

240

260

280

f

l

u

x

 

F

1

0

,

7

 

(

1

0

-

2

2

 

W

.

m

-

2

.

H

z

-

1

)

maximum

mean

minimum

observed

Model of averaged F

10,7

 flux for period 1996-2018

   [image: image15.emf]0 30 60 90 120 150 180 210 240 270 300 330 360

time (days)

6841

6842

6843

s

e

m

i

m

a

j

o

r

 

a

x

i

s

 

(

k

m

)

fit B(-3%) 2006; sa model low

fit B(+3%) 2006; sa model high

fit B 2006; sa model mean

observed mean TLE
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Fig. 14 (a)  Model of averaged F10.7 flux for period 1996–2018;  (b) - (d) results for GRACE A;            (b) Testing the prediction of the orbital elements evolution: 1 Jan – 31 Dec 2006, (c) Prediction of the orbital elements evolution by the STOAG theory: June 2006 – Dec 2010, (d) Lifetime prediction by the STOAG theory.
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Fig. 15.  Prediction of orbit evolution and repeat conditions that would be encountered in 

a hypothetical  free-decaying orbit of  the GOCE mission. 


Figs. 16 a--c:   Theoretical ground tracks of GOCE at three selected repeat orbits,

namely at the 16/1 (a), 49/3 (b), and  467/29 (c) resonances.
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