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IMPROVING THE ACCURACY OF ORBIT LIFETIME ANALYSIS 
USING ENHANCED GENERAL PERTURBATIONS METHODS 

Emma Kerr,* and Malcolm Macdonald† 

The general perturbations method for orbit lifetime analysis developed by the 

authors is improved by using spacecraft orbit decay tracking data to inform orbit 

lifetime predictions. This data is used to derive input parameters such as mass, 

and drag coefficient in order to make the method independent from error in 

these inputs, which can be a major source of error in orbit lifetime predictions. 

These derived inputs are then used to generate more accurate predictions while 

still maintaining the speed of the original method. The accuracy of the new 

method is validated against the authors’ original method and historical data.  

INTRODUCTION 

The development of orbit lifetime analysis has been given extensive consideration; both gen-

eral and special perturbations methods (commonly known as ‘analytical methods’ and ‘numerical 

methods’ respectively) have been discussed at length. Many different methods exist, such as the 

various general perturbations methods presented by King-Hele and various co-authors based on 

power series expansions of eccentricity, semi-major axis and eccentric anomaly.
1–8

 The general 

perturbations methods presented by Sharma using K-S elements offer another example.
9–12

 These 

general perturbations methods focus variously on circular, low eccentricity or high eccentricity 

orbits and deal with complications to the atmospheric friction (commonly referred to as ‘atmos-

pheric drag’) calculation such as oblateness of the atmosphere or the introduction of geopotential 

perturbations to the orbit propagation model. However, little focus has been given to refining the 

accuracy of such methods and to the authors’ knowledge no attempt has been made to incorporate 

decay data into general perturbations methods.  

Most users of these methods consider special perturbations methods to be the most accurate 

though less efficient method of prediction and, while this is generally true, the authors have pre-

viously presented improvements made to general perturbations methods such as the introduction 

of a new atmospheric model including the effect of the solar cycle, or the addition of an area-

averaging model.
13–15

 Both of these improvements have been shown to be major advancements in 

general perturbations methods in terms of accuracy. The methods presented by the authors have, 

when validated against historical mission data, been shown to improve the accuracy of previous 

methods, such as those presented by King-Hele, from around 50% error to within 5% in some 

cases.
13–15

 However the authors’ previous work has focused on smaller, less complex spacecraft, 
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such as spherical spacecraft and CubeSats. This paper is concerned with more complex and much 

larger spacecraft than have been previously considered. The more complex a spacecraft is, the 

more likely it becomes that errors in the input parameters will occur, therefore a method is pre-

sented herein to improve predictions by introducing orbit decay data to try to improve input pa-

rameter estimation and thus improving the orbit lifetime prediction.  

Atmospheric drag is in many cases the largest contributor to satellite orbit decay in low Earth 

orbit (below 1000km) as it acts against the velocity vector retarding the satellite resulting in a 

reduction in the orbit’s semi-major axis. The magnitude of the force created by drag is directly 

proportional to the cross-sectional area and drag coefficient of the spacecraft. However these two 

properties are often difficult to predict. With regards to the cross-sectional area, it is not strictly 

speaking always the area of a cross-section, but instead is the area ‘seen’ along the velocity vec-

tor. Therefore when considering non-convex or tumbling spacecraft this area will vary through 

the orbit lifetime making it challenging to accurately estimate prior to launch. The authors have 

presented a method of estimating the average area of a tumbling CubeSat however have not found 

a satisfactory method of finding the average area for more complicated spacecraft. Estimating the 

drag coefficient can also be problematic as it varies depending on atmospheric conditions and 

altitude.
16

 These input parameters are of course estimated pre launch, however as a spacecraft 

decays it is possible to use the decay data to derive them. Predictions made using the method pre-

viously presented by the authors are compared to initial decay data in order to estimate what the 

input parameters should be in order to produce the correct prediction. These updated estimates of 

parameters are then used to make a new prediction. 

THE METHOD  

To determine the worth of incorporating spacecraft decay tracking data a test case is required; 

GOCE (COSPAR spacecraft identification 2009-013A) is considered for this purpose. GOCE 

(Gravity Field and Steady State Ocean Circulation Explorer) was one of ESA’s first Living Planet 

Programme satellites, which was tasked with mapping the Earth’s gravity field.
17

 After a success-

ful mission GOCE ran out of fuel and began an uncontrolled decent mid-October 2013, re-

entering on November 11
th
 2013. For the purposes of the paper we will consider only this portion 

of the spacecraft’s orbit lifetime. The aim of this paper is to determine the most accurate way of 

incorporating spacecraft decay data to inform orbit lifetime predictions; in order to do this several 

things must be considered. Firstly, how to use the data to inform the prediction, secondly, how to 

integrate the data and finally, how many data points are required. The following sections will deal 

with each of these in turn.  

Estimating Initial Parameters  

Several different methods could be considered for exploiting the decay data to inform the orbit 

lifetime prediction method. One of the main problems with using general perturbations methods 

in orbit lifetime prediction is the major dependence on accurate estimation of the input parameters 

therefore this paper will focus on improving the accuracy of these parameters. In essence all of 

the methods considered herein are the same; they each build a variable that incorporates the un-

certain input parameters to be considered in the prediction. These variously include: the mass, 

drag coefficient, projected area, atmospheric density, and the retarding force created by atmos-

pheric rotation. These parameters can all be considered to some degree uncertain; therefore they 

will all be considered to determine their relative impact and in order to ascertain the most appro-

priate formulation of the variable. The variable built will be designated B* in all cases. The tradi-

tional formulation for B* is 
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 𝐵∗ =
𝑆 𝐶𝐷

𝑚
 (1) 

where S is the area, CD is the drag coefficient and m is the mass. While this form will be consid-

ered, the following variants are also considered: 

 𝐵1
∗ =

𝐹 𝑆 𝐶𝐷

𝑚
𝜌 (2) 

 𝐵2
∗ = 𝐹 𝑆 𝐶𝐷 𝜌 (3) 

 𝐵3
∗ = 𝑆 𝐶𝐷 𝜌 (4) 

 𝐵4
∗ = 𝐹 𝑆 𝐶𝐷  (5) 

 𝐵5
∗ = 𝑆 𝐶𝐷 (6) 

where F is the retarding force caused by atmospheric rotation, and ρ is the atmospheric density. 

Decay Data Integration  

Several methods of integrating the decay data can also be considered. Firstly the previous 

points may be used individually to calculate multiple B* values which can then be averaged. Sec-

ondly a data point several points before, but ignoring those in between, may be used to calculate 

B*. And finally a trend may be drawn from multiple B* values. For the first and third methods the 

B* value is calculated using multiple short time steps, as seen in Figure 1(a) whilst the second 

method uses a larger time step encompassing multiple data points to calculate B* as seen in Fig-

ure 1(b). 

 

All three methods were considered for each B*, however after some initial analysis it was 

found that the most viable was the second method as it produced the most accurate results, there-

fore it was studied further and presented herein.  

Number of decay data points required 

In order to study the number of decay data points required to produce accurate orbit lifetime 

predictions, historical data of the test case GOCE will be used. At each data point new predictions 

will be made first using two previous data points to determine the various B* values and therefore 

the lifetime predictions associated with each. Then three previous data points will be used, and 

then four and so on until all previous points are used. This method will produce a matrix of orbit 

dt
1
 dt

3
 dt

2
 dt

1
 

dt 

Figure 1. Decay Data Integration Method Comparison 

(a) (b) 
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lifetime predictions which, when compared to the historical data, will produce a matrix of predic-

tion errors. This error matrix can then be studied to determine the number of previous data points 

required to produce the most reliable predictions.  

METHOD COMPARISON 

In order to compare the accuracy of the various B* formulations the matrix of prediction errors 

was built by comparing the predictions made to the historical data taken from GOCE’s TLE.
18

 

The input parameters for GOCE considered were the published estimates: mass approximately 

1050kg, area approximately 1m
2
 and the standard assumption of a 2.2 drag coefficient.

16
  

As discussed in the previous section all possible numbers of previous data points (N) were 

considered however due to the abundance of data it cannot be displayed herein therefore a selec-

tion is presented for study. Table 1 shows the mean percentage error for each B* with the selec-

tion of numbers of previous data points used. To determine this mean percentage error, the per-

centage errors in predictions made at each data point are calculated by comparing the predictions 

to the real lifetimes taken from the TLE, then averaging all of these errors to produce a mean. The 

standard deviation of the errors is also considered and presented in Table 2. 

 

Table 1. Mean Percentage Error Comparison of Various Methods 

N 
𝐵∗ 𝐵1

∗ 𝐵2
∗ 𝐵3

∗ 𝐵4
∗ 𝐵5

∗ 

Error (%) Error (%) Error (%) Error (%) Error (%) Error (%) 

2 62.34 66.70 66.70 66.70 62.34 62.34 

3 14.56 19.27 19.27 19.27 14.56 14.56 

5 11.93 21.63 21.63 21.64 11.93 11.93 

10 12.54 41.93 41.93 41.94 12.54 12.54 

15 12.57 62.91 62.91 62.91 12.57 12.57 

20 12.51 85.45 85.45 85.46 12.50 12.51 

50 16.99 291.84 291.84 291.90 16.99 16.99 

All 68.44 1847.77 1847.77 1848.39 68.45 68.44 

 

Table 2. Error Standard Deviation Comparison of Various Methods 

N 

𝐵∗ 𝐵1
∗ 𝐵2

∗ 𝐵3
∗ 𝐵4

∗ 𝐵5
∗ 

Error 

STD 

Error 

STD 

Error 

STD 

Error 

STD 

Error 

STD 

Error 

STD 

2 168.15 176.92 176.92 176.92 168.15 168.15 

3 15.44 19.07 19.07 19.07 15.44 15.44 

5 11.34 13.47 13.47 13.48 11.34 11.34 

10 14.73 31.37 31.37 31.38 14.73 14.73 

15 16.63 46.24 46.24 46.25 16.63 16.63 

20 17.61 61.44 61.44 61.46 17.61 17.61 
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50 22.53 163.78 163.78 163.82 22.53 22.53 

All 0.79 132.55 132.55 132.60 0.79 0.79 

 

In a cursory examination of Table 1 and 2 similarities are immediately obvious between B*, 

B4* and B5* and between B1*, B2* and B3*. The chief difference between these two sets is the 

inclusion or exclusion of atmospheric density in the formulation of B* as is shown by Equations 

1-6. The inclusion of density in B* can be seen to have a significantly negative impact on predic-

tions accuracy; this effect can also be seen to increase as more and more previous data points are 

incorporated. This may seem, at first, counter-intuitive, as the general assumption in science is 

that having more data is always better. However, because the atmospheric density varies greatly 

with altitude the use of more data points actually introduces a large error into the calculation of 

B*. It is therefore deemed prudent to exclude atmospheric density from B*.  

It can be seen from comparison of B*, B4* and B5* that excluding the density increases the ac-

curacy significantly. It can also be seen that the inclusion or exclusion of the mass and atmos-

pheric rotation retarding force make very little impact on accuracy. This was to be expected as 

these parameters have a much smaller uncertainty than the drag coefficient and area, so much so 

that they create a negligible difference in this method. However, in order to capture the uncertain-

ty, small as it may be, in mass as well as for simplicity, it is recommended that B* be used.  

It can also be seen in Table 1 that there appears to be a turning point in the number of previous 

data points required to produce the best results. In order to better determine what this turning 

point is, the mean percentage errors for B* were plotted, see Figure 2. This turning point exists 

due to the variable nature of B*; because the drag coefficient varies depending on atmospheric 

conditions and the area will also vary as the spacecraft tumbles, B* is not a constant. Therefore as 

more data points are used the variation in B* is lost in averaging, while using too few data points 

will fail to capture it accurately.  

 

  

Figure 2. Accuracy comparison for B
*
 using various numbers of previously data points. 
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Figure 3. Close Up of Relevant Part of Figure 2. 

It can be seen in Figure 2, and more clearly in Figure 3, that the turning point is at using 5 pre-

vious data points. Therefore it is recommended that 5 data points be used. A case could be made 

for using more data as it can be seen that the percentage error remains relatively low between us-

ing 3 and 40 points. However when considering the standard deviation a steady rise can be seen, 

therefore keeping the number of points used to an absolute maximum of 30 is recommended.  

Finally having established the most accurate combination of B*, data integration method and 

the number of previous data points required, a comparison can be drawn between the original 

method previously presented by the authors and this updated method. For the same set of data 

points using the original method and not including any decay data, the mean percentage error was 

found to be 24.79% (with a standard deviation of 9.61) compared with the 11.93% (standard de-

viation 11.34) of the discussed updated method. This demonstrates that the updated method pro-

duces a significant improvement in orbit lifetime prediction accuracy. It should be noted here that 

while the updated method is now immune to errors in the initial input parameters, the previously 

presented method is highly dependent on them. The assumed input parameters give a B* value of 

0.002m
2
/kg, while the using the decay data to calculate B* gives a mean value of 0.00225 m

2
/kg 

from all the predictions. The B* values generated by the new method can be seen in Figure 4. 
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Figure 4. Comparison of B* values 

 The new method is therefore entirely independent from the original estimates of mass, area 

and drag coefficient. So taking for example an over estimation of the mass of GOCE to 1100 kg: 

this produces a mean percentage error in the previous method of 29.39% (standard deviation 

9.39) whilst the new method maintains 11.93% error. Predictions at each data point can also be 

compared, as can be seen in Figure 5. 

   

Figure 5. Comparison of Original and Updated Methods Accuracy 

In Figure 5 the solid black line denotes the 100% accuracy or 0% error. As the updated meth-

od follows this line much more closely this shows that the updated method produces significantly 

better predictions especially when considering the final 10 days. Within 10 days of re-entry the 
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updated method produces results that are almost exact, coming within a few hours of the true de-

cay time whilst the old method deviates up to approximately 2.5 days.  

METHOD VALIDATION 

In order to demonstrate that the method presented herein can be applied with success to other 

spacecraft, several missions were used to demonstrate the success of the method in improving on 

predictions made by the previous method. All of the missions discussed completed an uncon-

trolled re-entry. 

GFZ-1 

GFZ-1 (COSPAR spacecraft identification 1986-017JE) was a spherical satellite launched in 

1995 by GFZ Potsdam to study the Earth’s gravity field. After a successful mission it completed 

an uncontrolled re-entry in June 1999. The spacecraft initial parameters were: mass approximate-

ly 20.63 kg, area approximately 0.0363m
2
.
19

 As with GOCE the final portion of the spacecraft’s 

re-entry will be studied.  

Firstly the number of data points used is studied. In this case it becomes clear from Figure 6 

that using 5 data points would be less advisable; instead using 10 would be more appropriate. The 

mean percentage error when using 5 data points was 6.97%, while using 10 points this error drops 

to 5.23%. This suggests that a greater sample of spacecraft is required to make a better recom-

mendation on the number of data points that should be used. It can be seen that as before the per-

centage error begins a steady rise and therefore it could be recommended again that no more than 

30 previous data points should be used.  

 

Figure 6. Accuracy comparison when using various numbers of previously data points. 

 

The accuracy of the updated and original methods can then be compared, in this case using the 

10 previous data points method. It can be seen in Figure 7 that again the updated method is clear-

ly more accurate than the original method. The mean percentage error in the original method was 

20.63% (standard deviation 10.24) compared to 5.23% (standard deviation 4.98) of the updated 

method.  
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Figure 7. Comparison of Original and Updated Methods Accuracy 

 

Cosmos 1939 

Cosmos 1939 (COSPAR spacecraft identification 1988-032A) was the first operational satel-

lite of the Russian/CIS (Commonwealth of Independent States) Resurs-O1 programme. The satel-

lite was launched in 1988 to provide geologic applications including fire detection and ice moni-

toring. The satellite re-entered at the end of October 2014. The spacecraft initial parameters were: 

mass approximately 1900 kg, area approximately 11m
2
. As with GOCE the final portion of the 

spacecraft’s re-entry will be studied.  

Again the number of data points used is studied. In this case it becomes clear from Figure 8 

that as with GOCE using 5 data points would be acceptable, however using 10 would also be ap-

propriate as with the GFZ-1. The mean percentage error when using 5 data points was 12.98%; 

using 10 points this error drops slightly to 11.78%. In this case the steady rise in error when using 

more data points present in the other cases is absent until very late in this spacecraft’s lifetime. 

However using more data points would bring no material benefit.  
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Cos

 

Figure 8. Accuracy comparison when using various numbers of previously data points. 

 

The accuracy of the updated and original methods can then be compared, in this case using the 

10 previous data points method. It can be seen in Figure 9 that again the updated method is clear-

ly more accurate than the original method. The mean percentage error in the original method was 

27.69% (standard deviation 5.53) compared to 11.78% (standard deviation 4.74) of the updated 

method.  

 

Figure 9. Comparison of Original and Updated Methods Accuracy 
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UARS 

UARS (Upper Atmosphere Research Satellite, COSPAR spacecraft identification 1991-063B) 

was a NASA Earth observation satellite which was officially decommissioned on December 14
th
 

2005, finally re-entering at the end of June 2011. The spacecraft initial parameters were: mass 

approximately 5668 kg, area approximately 16.6m
2
.
20,21

 Again only the final portion of the space-

craft’s re-entry will be studied.  

As before the number of data points used is studied. In this case it becomes clear from Figure 

10 that, as with GOCE, using 5 data points would be advisable. However using 10 points would 

also be appropriate as with the GFZ-1. The mean percentage error when using 5 data points was 

24.59%, while using 10 points this error increases slightly to 25.35%. In this case the steady rise 

in error when using more data points is present, therefore again it is recommended that no more 

than 30 data points be used.  

 

Figure 10. Accuracy comparison when using various numbers of previously data points. 

 

The accuracy of the updated and original methods can then be compared, in this case using the 

10 previous data points method. It can be seen in Figure 11 that again the updated method is 

clearly more accurate than the original method. The mean percentage error in the original method 

was 95.40% (standard deviation 35.98) compared to 25.35% (standard deviation 16.35) of the 

updated method.  
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Figure 11. Comparison of Original and Updated Methods Accuracy 

 

CONCLUSION 

Increased accuracy is achieved by using spacecraft decay tracking data to inform the input pa-

rameters used in orbit lifetime predictions. The method presented herein is not affected by errors 

in the input parameters, as it derives these from the spacecraft decay tracking data. On analysis of 

the four presented case studies it can be concluded that though in some cases using fewer data 

points from the spacecraft decay data is slightly more accurate, on the whole using 10 data points 

is recommended as in all of the presented case studies this leads to reliable predictions. However 

more case studies should be used to confirm this recommendation.  
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