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ABSTRACT

This pgoer deals with a problem of seaching for ways
which canincrea® an accuacy of the final results of re-
ertry predction of space djects (SO), deserding from
their orbits in uncontrollable mode, and, in particular,
an estimation of influene of different factors on
accuagy of such predctions. On examples of the
solution of the re-entry prediction problem for the 7th
various space djects on the basis of processng of these
SO measurements fulfilled during 1-1.5 days before
their re-entries and reaizaion of a cosiderade
quantity of variants of the orbit determination and re-
entry prediction tasks at different initial data for these
objeds, induding the use of different models of
atmosphere, some results were ddtained ard certain
conclusonswere mace, which can be usedfor selecion
of the begd solutions ard an egimaton of a ral
accuracy of SO’ re-entry. Five of mentioned above SOs
were employed at different time as the test-objeds for
the IADC re-entry test campaigns and there were the
officially adoped re-ertry time amd impact area ce
ordinates for those objeds. The rea®n of differencesin
a SO' re-entry prediction at usage d the bed for today
models of atmosphere GOST-2004 ad NRL MSISE-
2000 is deteced For the casidered ca®s it is
edimated both the value of thee dffererces and the
proximity of the relevant re-entry prediction data,
obtained with usng these modds, to the officially
adoped data on the SO’ pass of an 80 km dtitude
atmosphere interface, confirmed by other independent
SQUIrces.

1 INTRODUCTION

The precise pedction of the re-ertry time and impact
area d anuncontrollade gace djectdeserding from
its orbit is a complicated scientific-and-technical
problem being of thearetical interes and having the
large pracical importarce.

This problem takes a special importance in the caesof
the re-entry of so-called risk objecs, that cappbe ©
creak hazadouws stuations for ecdogy, ecanomy ard
even for the people living at falling on the Earth. As
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risk space ®jecs we consider the gace vehicles
equippel with the radioactive power sources or have on
board other hazadous substances as well aslarge and
heaw manmade Pace djects with the high-melting
units onbaard which fragments, having a large kinetic
erergy, canimpact the Earth’ surface.In these cass
reacling the higheg possble accuacy of a SO’ re-entry
prediction is actual, both from the point of view of the
well-timed warning of an gproach of posible
hazadous situations in cettain territories and from the
point of view of conformation or disclaimer of the fads
of such SO’ fragments falling on one a arother area d
the Earth’ surface

However for today pracicaly reacted accuacy of an
uncontrollable SO re-entry time prediction in the most
cases remains enouwgh low. The dandard error in
predctedre-ertry time o a descerding SO is estimated
by the vaue making ~ 10-20 % from a remained
ballistic lifeme. Evidertly, that accuacy of a SO’ re-
ertry parameters predction will be increag at
shortening of a remained lifetime (that is interval of a
prediction). However even for a short-term forecas the
achievable acarragy of the final re-entry prediction as
well asthe acaracy of a posteriori determination of a
SO’ re-ertry parameters can be different and will
depend on many fadors such as parameters of a final
SO’ orbit, acompasition of measiremerns usedata O’
orbit determination, perturbation forces taken into
accaint in a modd of SO’ motion, aerodynamic and
other characeristics of a SO, an orientation of SO in
space,an accuacy of the used methodic and prediction
software.

One of the important fadors, influencing the motion
predction parameters of a S, is the carecttaking into
accaint of an atmospheric redstance force depenling
on: @) the used modd of the aamosphere, b) on inputin
atmospheric model parameters of the solar ard
geamagnetic actvity, c¢) on feaures and conditions of
SO flight Whereass tha at usage o different
atmospheric models in a final phae d SO’ flight an
esentially differert reallts in an object re-entry time
predction can be ditained quite ratural there is a
problem — which model of atmosphere is preferale.



Other serious problem connected with an achevement
of the highest possilde accuracy of a SO’ re-entry time
prediction, is a selection from among available
observations the most effedive ones from the
navigaiona point of view for SO’ orbit determination.
In the pesernt paper cettain criterions for selection of
such akind of the measuremert data set are dfered

The degee of influerce of the specfified above facbrs
on an acaracy of a re-entry prediction was estimated
on the examples of monitoring of the uncontrollable
space djecs flights, for which confirmed hgh
accuacy of the reentry prediction and find
determination of impact areas has been readed The
results, making it possilde to estimate efficiency of the
offered criterions for selection of the ked compositions
of the measrement data for the solved problem by
comparing of the SO’ re-entry time, obtained with using
the selected in this way measiremerts, with the results
of exact determination of a SO’ re-entry time ard its
impact area, that were obtained by an independent way,
in particular, with usage of the US Strategic Command
tools ard software, are preerted

On the basis of se of measirements seleced accading
to the indicaked criterions from among those, tha have

been fulfilled duing last days of SO’ flights, the tasks
of orbit determination for eachSO have beensolved at
usng the atmospheric models GOST-2004 ad NRL
MSISE-200Q The differences in the re-entry time
predictions for each SO at usage one and other model
were esahlished

The rea®n of the indicaked differerces is reveded. It is
cawsed by the fact that the atnospheric models GOST-
2004 ad NRL MSISE-2000represert a different value
of anatmospheric dersity within an atitude range 120-
80 km. The cegee d this differerce in the represerted
densty and its influen@ on the results of the SO’ re-
ertry predction was estimated for dl considered cags

2 SELECTED OBJECTS, INITIAL DATA,
MODELS AND METHODS USED AT
CARRYING OUT INVESTIGATIONS

For carrying ou investigation onestimation of various
facors' influerce a the final re-entry prediction of
uncontrollable gace objects, de<erding from their
orbits, 7 alread/ re-entered SOs have keen sleded
Some information conceming thee dijectis presented
in Tab. 1.

Table 1 Re-ertered space dject being under post flight analysis.

No Space dject COSPAR ID US SSNNo | Reentry date Courtry
1 SC «Coronas-F» 200%:032A 26873 06.12.2005 Russia

2 R/B «Delta-2» 2007-023B 31599 16.08.2007 USA

3 R/B «Vostok-2M» 1979093B 11601 30.04.2010 Russia

4 SC«ROSAT » 1990049A 20638 23102011 Gemary
5 SC«PhobosGrunt» | 2011-065A 37872 1501.2012 Russia

6 R/B «Soyuz-FG» 2011078B 38037 24122011 Russia

7 SC «Sfera» 1998067CM 38751 2411.2012 Russia

The first five of the listed SO were closen as test
objecs for the exercises in the frame o the Interagercy
Co-ordination Committee on space debris (IADC) test
campaign. For these dojects the exactdata an SO’ pas
of an 80 km altitude atmosphere interface obtained by
USSTRATCOM were officidly adoped by a
manageament of the IADC test campaigns.

Thelight of bumning ugper stage of the RB “ Soyuz-FG”
was observed by many Church-goers in some European
citieson the Christmaseve at17:30 CET on Decenber,
24th, 2011

Experimental small space ceft “Sfera” was launched by
the asronaus Padalka Gl. and Malcherko JI. from the
International Space Station (the 32rd expedition on the
IS duing outof-doors space activity on August, 20th
2012 4 22:16 of Moscow time. It was supposd, that

this space craft will be used for improvement of the
mathematicd methods of taking into accourt of
atmospheric resstarce o, the bae o measuremerts,
fulfilled by ground station means.

On the bass of availabe exerierce d acivities on
monitoring of various uncontrollade manmade ace
objects re-entries and the acaumulated datistics on the
realts of determination of time ard impact areas of
descertding SOs, thefinal flight time interval 1-1.5 days
long lefore the SO’ reentry was considered as
appropriate measired arc on which measurements the
most authentic results of a SO’ re-entry parameters
prediction could beobtained.

As theinput measured information for solving a task of
SO’ orbit determination (OD) there wasused



a) orbital data in the form of sate vedor (S/V)
performed by the Russan Space S$irveillance System
(RSSS)onthe basis o its sensors measurements,

b) orbita daa in the form of TLE peformed by US
Space $irveillance Network (SSN) ard accesible from
the public sources

¢) SO orbit parametersin TLE ard S/V forms prepared
by NASA and other space gencies(DLR, ESA, CNES)
which were put into the IADC daabase REDB during
there-entry test campaign.

The orbital data performed in TLE format, were
preliminary transformed in recargular state vecor of
an object refered to the stardard refererce frame
(SRF) of 12000 gocdh.

It was suppased that all usng measurement data from
different sources have the same predsion, which was

determined by the rootmeansquare erors of the dyject
position (after transformation input daa to the form of
SO dtate vecorsin SRF): cX =o6Y =cZ =1 km

In table 2 the sets of measiremerts fulfilled during 1-
1.5 days before SO re-entry that were wsed at post flight
andysis for those SO are pesned In tabe for each
considered SO are gven duraton of the measrred arc
(in time span and in the remaining orbits where they are
spread out); the urce d measirement; nunmber and
format of correspording data. Thus the data on the
PhobosGrunt orbit during the last day of its flight was
performed by 5 sources (Russan space surveillance
system - RSSS US gpace surveillarce retwork -
NASA, Geman trackng semsors - DLR, France
tracking snors - CNES, ESA trading sensors - ESA).
The figure 0 in a @lumn “remaining orbits” testifies
that last measuremert for given SO is attached to
“impad” orbit.

Tabe 2 Theorbital dataused at post flight SO’ re-entry anaysis

Measrredarc
No Space dject : Remaining orbits Number and urces of measurement
Time pan(UTC) before rertry data
1 05.12.200504:11— 23 (RSSS-155/V, NASA —-5TLE,
SC«CoronzF> 061220051700 24-0 ESA -3 TLE)
2 14.08.2007/01:12—
R/B «Délta-2» 1408200110812 38-2 25 (RSSS-12 SV, NASA — 13 TLE)
3 29.04201002:38— 24 (RSSS-11S/V, NASA —11TLE,
R/B «Vog0k-2M» 30.04201016:16 26-1 ESA —2 TLE)
4 21.10.2011/07:33— 37 (RSSS-9S/V, NASA —11TLE,
SC «ROSAT> 22.10.2011/22:54 29-2 ESA —15TLE, CNES—2SN)
5 : 34 (RSSS-16S/V, NASA —10TLE,
SC PhobosGrunt | 10120721749~ 17-0 ESA —3TLE, CNES—1SN,
' ' DLR—-4TLE)
6 22.12201121:35—-
RIB «Soywz-FG» 221220112135 29-2 17 (RSSS- 12 SV, NASA — 5 TLE)
7 22.11.201220:09 —
SC Sfera» 2411 20120713 24-1 21 (RSSS-109V, NASA —11TLE)

For the description of a SC motion in a low earth orbit
the model of acing forceswhich took into acocount a
gravitation field of the norsphericd Earth, an
atmospheric drag and gravitational attracion of the
third body (the moon and the Sun) was weal. The
fulfilled estimations have shown that for considered
objecs theinfluene of other naural fadors, disturbing
SO’ motion, could be reglecied.

For estimation of the influence of ore or another modd
of a gravitational field of the Earth on the results of a
navigaion task solution the correspondng alculated
parameters of SC' motion were compaed. For this
purpose the Russan modd PZ-90, the American model
JGM-3 ard the Europeanmodel GEM-T3 were chosen
The camparison of the catulated parameters of SC’
motion, when different nunmbers of harmonics of the

selecied models of gegpatertial were used, was done as
well. The wage d different models of a gravitational
field of the Earth atthe final phase d a SO’ flight led to
the residuals (in calculated positions of a gpacevehicle
on aprolongaion interval of 1.5 day) having the values
no more than 1 km (for the same nunber of taken into
accaint hamonics). The dffererce in the catulated
SO’ positions on the given interval of prediction &
taking into accaint the redricted ard full number of
hamonicsin the used model of a gegpoatertial could be
already more camsiderabde. In this connection a
carying out of the basc caktulations, within the frame
of considered investigations, the model PZ-90, in which
all hamrmonics up to degee ard order (16x16) were
takeninto accaint, wasused

The realts of previous resarches in particular,




presertedin [2], have alowedto conclude, that from all
atmospheric modds, including dynamic modds GOST-
2004, NRL MSISE-2000, GOST-84 (edition of 1990)
Jaccha, ard the Rusdan gtatic model SMA-62, used for
the solution of pradical problems, the best ones, from
the point of view of maintenan@ of achievement of
more accuate predction of SO’ motion in low-eath-
dtitude orbits, are GOST-2004 aad NRL MSISE-2000.
Therebre, for an egimation of deperderce of the time
predictions when a SO pass a 80 km dltitude interface
and itsimpactthe Earth on the used atmospheric modd,
the identical variants of the solution of a consdered
tak were realzed at use d dynamic models GOST-
2004 ad NRL MSISE-2000. At the same tme at
carying out the egimated cakuations in the indicaied
dynamic models of the atmosphere the adual (i.e.
updaed on usng the real measrements) indexes of
solar (Fi07) and geomagnetic (Ap) activity, provided by
both the NOAA and the Institute of a Terrestrial
Magneism, an lonogphere and ditribution of the radio
waves of the Russan Acadkemy of Scierces
(IZMIRAN), were used.

At calculation of the perturbations from the Moon and
the Sun the ephemerides DE403, developed by the Jet
Propulsion Laboratory (JPL) were used.

A SO motion was described by the system of the
differential equations of the cand degree,represerted
in the recanguar geccertric inettial co-ordinate
system, referred to the mean equinox and equator of the
standard epoch J200Q Calculation of the SO' orbital
parameters for a ceitain epoch implemented by means
of numerical integration of the indicated equations with
hdp of high-effecive method, allowing to reachary
given accuacy [3]. Therely the canputation error in a
problem of numericd prolongation of a SO’ trajeciory
was negligible small.

The determination of SO’ motion parameters during its
flight in a nea Earth orbit by mears of treatment of the
measirement data was fulfilled accading to the
methodswhich is described in [1, 7.

3 RESULTS OF THE SOs  ORBIT
DETERMINATION AND RE-ENTRY
PREDICTION AT THE FINAL PHASE OF
THEIR FLIGHTS

For deermination of the best composition of
measurements, from among available observation data
fulfilled during 1-1.5 day before SO’ re-entry, various
samples of this information have been considered. In
eachvariants, correspording to a concrete sample, the
problem of a SO’ orbit determination, including six-
measired state vecor at some initial epoch ¢, and
ballistic  coefficient of this object i.e. set

q= {70, V,, Sb}, was sdved. Further on the basis of

the improved orbital parameters the SO motion
prediction up to the specific epoch 7}, correspording to
object passthealtitude H ~ 100 kmdiredly prior to its
atmospheric entry was implemented.

Navigdion efficiercy of eachconsidered sanple o the
original measured information, i.e. the actievemert of
the highest posside accuracy of a SO motion
parameters on the bae d given composition of
measurements, and qudity of the obtained olution was
estimated by following criteria:

1. Achievement of the minimum value of a fandad
root mean square error oy, definedas

M skl k k(= ]2
% Z I)l [l[/iohs - y/ica/k (q)
_ i=1
o0 = N-m ’

where the following denotations are used:

Tlfm — the measured value of i-th observation of type
k (|e Xi, Yior Zi),
.k
Lealk

value correspording to the improved vedor of the
determined parameters  having dmenson m, (in our

caseqz{F,VO,Sb}, m=7),

(q ) — the calculated analog of this observation

1
Pl.k =—F —a weight of i-th observation (O'l-k —a
O;

meansguare measurement error),

M — total number of fitted measirements of k-th
type, N=XM,.
k

At agoodfitting d the used measurements and the
adeqate cefinition of their weights the requirement
oy < 1 should be satisfied.

2. Minimum of aformal error of a ballistic coefficient
determination - 35S, .

3. Minimum of the formal errors of a SO’ postion (30)
referedto the moment 7, calculated on the bads of the
covariarce matix of emors for the ddtained OD
solution and transferred to the orbital co-ordinate
systtm RNB (the centre of the given system of
coordinates caincides with the certre & SC' mass, the
axis R is direced from the Eath’ centre towards the
spacevehicle, the axis N is orthogorel to the R, it liesin
the abital plare and direcied towards a space vehicle
movement, the axis B suppements the right handed
system)i.e. inform of 30R, 30N, 30B.



4. Consistency of the last fulfilled measurements to
other measrremerts from a considered compostion
(redduals of the doserved ard cakulated values of the
last fulfilled measurements, but not treaed under least
square method shoud be rather small).

Necessty of gpplication of the criterion 4 may be
explained by the circumstarce that often eroughthe lag
measirement data caregponds to the SO’ observations
exeauted by tracking fadlities in difficult condtions
when SO bengat alow dltitude.

The solution of a task of a SO’ orbit determination
(OD) and re-entry prediction was carried ou by usage
of dynamic modds of atmosphere both GOST-2004 ad
NRL MSISE2000 at acual values of indexes F;p7 and
A,

The results of measurements fitting and formal
edimations of the improved parameters’ precision for
different variants of the OD task solutions on the base
of measuremerts soreadwithin orbital arcs of different
duration - from ~6 hours up to ~1.5 day are given in
tables 3-9. In addition in these tables for eachvararns

of OD ae given: the beginning and the end of a
measured interval, its duration (in hours); total number
of the used sets of origina orbital data; the RMS error
oy; the value of a ballistic coefficient S, obtained in the
correspording solution with its formal error (36); the
formal errors of the SC' postion (3c) refered to the
moment 7 in the orbital co-ordinate system RNB. In
tades names (in brackets) officially acopted or most
probable epoch of a SO’ re-entry time, correspording to
other sourcesare presrtedaswell.

The variants of the solutions obtained a usng
atmospheric models GOST-2004 G) and NRL MSISE-
2000(M), which have teen selected asthe keg onesfor
eachof considered object acording to the citeria o
efficiency and qualities described above, are marked by
pink end green color reecively. At the same time it is
necesary to note that the selecion of the bed varants
of OD solutions caried out at integrated approach to
applying the decribed alove ciiteria.

Tabe 3 The main charackeristics of the SC "Coronas-F" orbit determination and re-entry prediction solutions obtained
onthe base d varous compasitions of the measirement data performed duing 1.5 day before re-entry
(adopied re-entry time - 06.122005 1734 UTC).

VNaOr. Beginﬂﬁasir;jcii?te“lﬂraﬂon, nU-Ir—Y%tg of ReerLtJr_I)_/Ce poch R,';A S Obtaigfedvalue Z;e:fdi%r;g,r Ors3:BT,/.
(UT%) hous | dat®ts (UTe) 0 S5 km | km | km
1. | (51220090121 3550 21 | 06.12200517:07:06 | 4.150 |0.07010.00048 4.870 | 6.282|24568
2. | 051220091912 -1 2180 11 | 06.122005 17:3415 | 0608 | 0.0652:0.00018 0.797| 6.198| 0.875
3G, | 091220091912~ 2103 12 | 06.12200517:3415| 0652 | 0.0653:0.00015 0.769| 6.492| 0.847
am. | (1220091912~ 2103 12 06.122005 17:28:31 0736 | 0.0717:0.00021 0.868| 7.428| 0.958
4G. | 081220090425 1222 8 06.122005 17:35:20 | 0475 | 0.0647+0.00024) 0.780 | 4.917 | 0.812
an. | 0812200804555 | 1222 8 06.122005 17:27:21 0939 | 0.07240.00057 1.550| 9.783| 1.604
5G. | 081220091056 0620 4 06.122005 17:38:24 | 0253 | 0.0634+0.00297 2.047|26.451 0615
sm. | 0812200910861 0620 4 | 06.12200517:3140 | 0235 | 0.0689:0.00303 1.882|24000 0.572

Tade 4 The main characeristics of the R/B "Delta-2" orbit determination and re-entry prediction solutions obtained on
the bae d various compositions of the measirement data performed duing 15 day before re-entry
(adoped re-entry time - 16.082007 09:30 UTC).

var Mea:mredmterval ' nuIr%tg o Reertry emch RMS Obtzined value Prediction errors at 7,
No Begin—end, Duration, | "o s (utc) 09 of S, 3R, | 30N, | 30B,

UTC) hous km km km
16, | 108200719581 3350 15 16082007 09:29:19|  2.927 | 0.0729+0.00042| 1.845|18.79¢ 2.860
1m.| LROBOOMSOE- | 3350 15 16082007 10:0345| 5013 | 0.0717+0.00069| 3.201|32610 4.905
2G. | 100820070550 | 2350 10 | 16082007 09:1458| 1122 | 0.0715:0.00030| 0.932| 9.987| 1.365
om.| 10820000800 | 2350 10 16082007 09:4132| 1577 | 0.0708+0.00042| 1.315|14.289 1.917




15.08200710:15—

3G. | 1708200110151 17.10 7 16082007 09:3007| 0998 | 0.0684:0.00045| 1.038|13.155 1.656
am.| 10820001 | 1710 7 16082007 09:4607| 1139 | 0.06800.00048| 1.191|15129 1.890
4G. | 1508200718081 1150 6 16082007 09:2902|  1.027 | 0.0684£000132| 1.170|22.767 1.750
am.| 1508200718061 1150 6 16082007 09:3233| 1028 | 0.069+0.00132| 1.176|23007 1.754
5G. | 100820012327~ 06.00 3 | 16082007 09:3927| 0555 | 0.0651:000258| 1.613|20172 1.275
sm.| 10820002327~ | 0600 3 16082007 09:4056| 0615 | 0.0669£0.00291| 1.803|22.677 1415

Table 5 The main characeristics of the R/B "Vostok-2M" orbit determination and re-entry prediction solutions
obtained onthe base of various composti onsof the measurement data performed duing 1.5 day before re-entry
(adopted re-entry time - 30.042010 1654 UTC).

Var Meagrredinterval nu-rrr%tg o Reertry emch RMS Obtained value Prediction errors a 7
No Begin—end, [ Duration,| dam &t (Utc) ) of S, 3R, [ 30N, | 308,

e%UTC) hous km km km
1. | 220420100238~ 3665 24 | 30.042010 1647:48|  1.081 | 0.0622:0.00009| 0.406| 4.965| 0.995
2G. 230420101844~ 2353 17 | 30.042010 1648:13| 1055 | 0.0621£00001§ 0.495| 5.949| 1.077
om. |2304201026:44~ 1 2353 17 30.042010 16:39:02|  0.871 | 0.0679+0.00015| 0.408| 4.980| 0.889
3G. | 30-04201000.37~ | 1565 12 | 30.0420101650:17| 0689 | 0.0615:0.00021 0.447| 5.187| 0.926
3. 2594201000371~ 1565 12 | 30.0420101639:54| 0.836 | 0.0676:0.0003] 0546| 6.357| 1.127
4G, | 30:02201004:27~ | 1180 8 30.042010 165104|  0.653 | 0.0612+0.00030 0540| 4.917| 1.014
am. | 38:0220100821~ 1 1180 8 30.042010 16:4052|  0.898 | 0.0672+0.0004d 0.745| 6.804| 1.394
5G. | 30-04201008:51~ | 0650 5 30.042010 165228| 0424 | 0.0604£0.0003 0994| 3.423| 1.021
sM. | 30-0420100851 -1 0650 5 | 30.042010164253| 0831 | 0.0662+00007§ 1.952| 6.708| 2.001

Tabe 6 The main charackeristics of the SC "ROSAT" orbit determination and re-entry prediction solutions obtained on
the bae d various compositions of the measirement data performed duing 1.5 day before re-entry

(adoped re-entry time - 23.102011 0157 UTC).

var Measredinterval nu-rrrct))t?rl o Reertr_ry epoch RMS Obtained value Prediction errors at 7;

No Begin —end, Duration,| 'data 2t (UTC) ao of S, 30R, | 30N, | 30B,

UTC) hous km km km
21.10201110:32— .

1G. | 2};1020010032~ 1 3600 29 23102011 02:0525|  3.627 | 0.0481+0.00024| 1.313|15606 2.625
22.10201119:08— o

2G. | 2510200208~ | 2358 15 23102011 01:4218| 1564 | 0.0478+0.00042| 1.282|23550 1.556
22.10201119.08— .

am.| 22102014908 | 2358 15 23102011 02:0322| 1455 | 0.0461+0.00039| 1.192|22005 1.457
22.10201120:35— —

3G. | 251020112035~ 2343 15 23102011 01:55740|  1.057 | 0.0468+0.00027| 0.867|15.171 1.064
22.10201120:35— e

am.| 221020112035 | 2343 15 23102011 02:1535| 1080 | 0.045+0.00027| 0.888|15603 1.091
22.1020110413— —

4G. | 2410 N0%IS | 1593 14 23102011 01:;5750| 0915 | 0.0468+0.00036| 0.782|11232 1.014

4. | 22:1020130413~ | 15495 14 23102011 02:0800| 0883 | 0.0460+0.00036| 0.757|10917 0.982

22.10201220:00




22.10201709:59—

5G. | 2551020099~ 1200 10 23102011 02:0743| 0889 | 0.0460+0.00042| 0.740| 8.901| 1.246
22.10201709.59— .

sM. | 2210200100 >0 | 1200 10 23102011 02:0301| 0962 | 0.0462+0.00048| 0.804| 9.741| 1.349

6G. | 22:10.2011/16:08 - | (5 59 4 23.10.2011 02:01:54 0.501 0.0469+0.00114 | 0.886 | 17.778| 1.768

22.10.2011/22:55

6M 22.10.2011/16:08 -

22.10.2011/22:55 06.78 4 23.10.2011 01:53:06 0.432 0.0477+0.00099 | 1.523 |15.390| 1.525

Tabe 7. The main charackeristics of the SC "PhobosGrunt" orbit determination and re-entry prediction solutions
obtained onthe base of various composti onsof the measurement data performed duing 1 day before re-entry
(adoped re-entry time - 15.012012 1753 UTC).

var Measredinterval nu-rrr%tg o Reertr%/ epoch RMS Obtained value Prediction errors a 7
No Begin —end, Duration, | da efs (UTC) 0 of S, 30R, [ 30N, [ 30B,

UTC) hous km km km
16, 3012011417491 2323 34 |15.01201218:0000| 0759  |0.013+000003 | 0314 4.137| 0561
1m [301201IH1749— 1 2323 34 |15.01201217:3917| 0740  |0.0161+0.00003 | 0.313| 4.041| 0547
2. 201201141749~ 1873 25 | 15.0120121809.06| 0566 |0.0134:000005 | 0263|5109 0.447
3. 301201142319~ 1788 24 | 15.012012175833| 0561 |0.0137:000003 | 0.324| 3396 0.471
4. |o02011AL149- ] 1262 19 |15.012012181446| 0449 |00133:000011 | 0.228| 6.852| 0.423
5G. 501201150439~ | 1207 17 | 15.012012175704| 0470 |0.0138000004 | 0.447| 3.492| 0.492
sM [3012011504:39~ | 1207 17 | 15.01201217:40:17| 0668 |0.0159+000007 | 0.634| 4.926| 0.697
6. [391201150203~| 1190 12 |15.0120121801:33| 0574 |0.013%+000012 | 0552| 7.893| 0570
7. 3012011417491 g5 15 | 15.012012175802| 0427 [0.013+000026 | 0.260|10818 0522
8G. 2012201150754~ | 6.08 7 15.012012 17:55:47| 0605  |0.0138:000042 | 0.978/10941 0.897
am 301201150754 | 6.08 7 |1501201217:3129| 0613  |0.0165:000061 | 0.993|1104d 0.906
9. |3012011502:09- | 583 7 |15.012012183548) 0553  |0.0130:0.00063 | 0.659|29226 0633
106, [2022011512:31- | 430 11 | 15.012012175515| 0310 |0.0141+000012 | 0.474| 2.676| 0.630
10m.[5512011512:3L- | 430 11 | 15012012 174412| 0364 |0.0158:000016 | 0.555| 3.081| 0.740

Tabe 8 The main characeristics of the R/B "Soyuz-FG" orbit determination and re-entry prediction solutions obtained
on the base of various compasiti ons of the measurements performed duing 1.5 day before re-entry
(more probable re-entry time - 24.12.2011 1630UTC).

var, Measiredinterval nuTr;%tg of Reertry epoch RMS Obtained value Prediction errors at T
No Begin—end, Duraiion, | data et (UTC) a of S, 30R, | 30N, [ 30B,
UTC) hous km km | km

22.12.2011/21:35— 15,

1. 5412 2011/13 41 40.10 17 24.122011 16:12:33 1911 0.0802:0.00021 | 1.643(15.2791.953]
23.12.2011/12:43 - 5.

2G. |52122011/13.41 24.97 10 24.122011 16:22:16 1.167 0.0774t0.00036 | 1.357|12.999 1.684
23.12.2011/12:43 - BVl

2M. 2412.2011/1341 2497 10 24.122011 16:34:15 1.261 0.0836+0.00045 | 1.464|14.127 1.811)
23.12.2011/17:15- YL

3G. 5412201113 41 1943 7 24.122011 16:24:19 1.352 0.0770+0.00075 | 1.801(22.149 2.163
23.12.2011/17:15- a0-

3M.|52122011/1341 1943 7 24.122011 16:30:19 1.397 0.0844+0.00087 | 1.858(23.109 2.229




23.12.2011/20:23 - or.

4G. 15212 2011/13.41 17.30 5 24.122011 16:2543 1591 0.0768+0.00114 | 2.737|30.27( 2.930
23.12.2011/20:23 - .5Q-

4M. 5212 2011/1341 17.30 5 24122011 16:29:18 1684 0.0847+0.00132 | 2.987|32.37( 3.099

Tale 9 The main characeristics of the SC "Sfera" orbit determination and re-entry prediction solutions obtained
onthe base d various compositions of the measirement data performed duing 1.5 day before re-entry
(our own estimation of re-entry time - 24.112012 (B:40 UTC).

Var. Measrredinterval Tota nunber Re-ertry epoch RMS Obtained value Prediction errors & 7y
No Begin—end, | Duration,| of data ®ts (UTC) 0 of S, 3R, | 36N,

e?UTC) hous km' | km' |30B. km
16, 331120120442~ | 2408 9 24.11201208:35:30 11 0.2576:0.0009 | 0.8202 1152 1.9989
2G, [3311 201200740~ | 2355 7 24.11201208:24:47 | 219 | 0262200015 |1.6527 18615 4.668
3G, 3311201200770 | 2210 7 24.11201208:37:20 | 128 | 0.2573:00009 | 1.3101 12576 2.5467
am. (2311201210740~ | 2210 7 24.11201208:39:00 | 160 | 0.2620:0.0012|1.8231 15645 2.9082
4G. |3311 201219291 1173 7 24.11201208:19:25 | 204 | 0.2652:0.0033 |1.9134 17955 3.978
5G. |5311201219:29— | 1028 7 24.11201208:41:19 | 116 | 0.2543:0.0030 | 1.4106 14295 2.0469
sM. (331120120929~ 1028 7 24.11201208:46:03 | 107 | 0.2561£0.0027 [1.3989 13203 1.5498
6G. |55311+201219:29= | 930 6 24.11201208:37:10 | 089 | 0.2566:0.0027 | 0.985d 11868 1.7985
oM. (251120121929 | 930 6 24.11201208:42:55 | 083 | 0.2582:0.0024 |1.0974 11046 1.3518
7G. 5411201210023~ | 682 6 24.11201208:10:19 | 054 | 0278700018 |0.7332 5556/ 0.8397
™. (3511201200024~ | 62 6 24.11201208:11:08 | 054 | 0.2842:0.0018 |0.7125 5.601| 0.8628
8G. |5411+201210024~ | 537 6 24.11201208:4505 | 119 | 0.2502:0.0093 |1.7103 23226 1.8126
gu. 2411201210024~ | 537 6 24.11201208:48:28 | 112 | 0.2529:0.0090 | 1.6554 22155 1.5948

As follows from the tables 3-9, in the most cases the
best solutionsin serse d the highest accuacy of a SO
motion prediction can be obtained on the bae o
measurements distributed in trajecory arcs from ~0.5
till ~1 day before its re-entry. Good ®lutions can be
obtained on shorter trading arcs as well, for exanple
on arc ~6 hours. However a seledion of such slutions
asthe final re-entry prediction result may be interfered
with an uncettainty of their reliability, espedally if a
total number of the measirements, distributed on short
arcs is a smdl quantity and there are inconsistency of
resduals of the last fulfilled measurements and
residuals of al other data keing treatd by leas square
method

In table 10 the information on main orbital parameters,
obtained in the best OD solutions of the conddered
SOs, refered to the initial epoch ¢, and duration of a
prolongation interval (in orbits) up to these objects re-
entry are preserted

Tale 10. The orbital parameters of considered SOs atthe
initial epoch ¢, obtained in the best their OD solutions

Ho H- Duration of

Ne| Space dject e maci'min 1 g |prediction
km [km . .

in orbits
1. | SC«Coronas-F» |0.00117| 188|161 |0.065 8
2.|R/B «Ddlta-2» 0.00603] 228{150 |0.068 15
3. | R/B «Wogok-2M»| 0.00032| 181|159 |0.061 8
4. | SC«ROSAT» 0.00065| 187|170 |0.047 15
5. |SC«PhabOs 464174 154(135 [0.014| 8

Grunt»

6. | R/B «Soyuz-FG» | 0.00394| 224|176 |0.077 19
7. | SC «Sfera» 0.00191] 215(192 |0.254 9

As one can seefrom the tabde 10, duration of the find
prediction interval correspording to the best solution
for considered objecs, made up 8-19 orbits, in
depemerce @ object orbit, accuacy of the
measurements, flight condtions etc.



Comparing the results of the best solutions obtained at
usage of differert atmospheric modds: GOST-2004 and
NRL MSISE200Q it is possilde to establish certain
differencesbath in fitting of the same compositions o
the measrremernt data and in a SO’ re-entry time
prediction.

In table 11 for the best solution for eachconddered
objecs the following data are preented the root mean
sguare error ¢, of measirements fitting for variants of

usng modds GOST-2004 ad modd NRL MSISE-
2000;the differercesin the SO’ re-entry time for these

variarts of OD solutionsAt=75-7¥ (7,6 - re-entry time
a usng nodel GOST-2004 G), 7 - re-ertry time at
usng modd NRL MSISE-2000 (M)); the deviation of
7$ and rM from the officialy adopted (or the most
probeble) re-entry time 74 for each SO. The times
74 are pesertedin lag cdumn of the abe 11

Tabe 11. Differercesin the re-entry times of the consdered SOs, predcted at using the dynamic atmospheric modds

GOST-2004and NRL MSISE-2000.

No Space dject RMS o GAt: M GAtzAd MAI: Ad 7,44 ey
GOST |MSISE| T. " Tre | Tre T | Tre “Tre e

1. SC«Coronas-F» 0.48 0.94 8 min. 1 min. -7 min. 06.122005 17:34
2. | R/B «Déta-2» 100 | 114 | -16min. | Omin. 16min. | 16.08.2007 09:30
3. | R/B «Vog0k-2M» 0.65 | 0.90 | 10min. -3min. | -13min. | 30.042010 16:54
4. | SC«ROSAT» 0.92 | 0.88 | -10min. 1 min. 11min. | 23102011 01:57
5. SC«PhabosGrunt» | 0.47 0.67 17 min. 4 min. -13min. | 15.012012 17:53
6. | R/B «Soyuz-FG» 117 | 1.26 | -12min. | -8 min. 4min. |24.122011 16:30*
7. | SC «Sfera» 1.16 | 1.07 | -5min. -

As follows from the table, the differercein a SO’ re-
entry time predictions — At=75-7¥ may achieve a
significant values a usng the different atmospheric
modds. As one canseein the most cases the results of
the re-entry predictions obtained with the use of modd
GOST-2004 were closer to the officially adopted ones
for relevan SO.

On an eample of the SC "Phobes-Grunt" it is
denonstrated how some differercesin there-entry time
prediction at using different atmospheric modds
(namdy GOST-2004 ad NRL MSISE-00) can be
trarsformedin the displacement of the SO’ impact area
on the Earth surface.In this ca® the difference in the
re-entry time prediction abou 17 minutes gererated
large erough difference in a predcted impact window
asitisshown in afigure 1

Figure 1. Differences in the SC "Phobos-Grunt" re-
entry prediction, calculated for the best solutions at
using atmospheric models GOST-2004 and NRL
MSISE-00.

At the same tme, as hawe d<own cakulatons,
differencesin a SO’ parameters of motion predction,
obtained on the baee o the same measurement sds, but
at using the different modds of atmosphere, for the
orbital part of flight are not so sgnificant.

In table 12 the differencesin the predcted parameters
of the considered SOs' motion, correspording to the
epoch of the aserding nodes of the lag full closed
orbits (the next ores will be “impad” orbits), for
variants of the best solutions obtined a using the
atmospheric models GOST-2004 and NRL MSISE-
2000 ae pesxned Differerces are efered to the
orbital co-ordinate system, i.e. to a radial direction —
AR, to a diredion dong SO’ trak - 4N, and o a
direcion acioss track - 4B. Here for eachca® the
dtitude abowve the Earth’ equator a passng the
a<erding nodefor the comparison orbit is presented as
well.

Data reallted in the Tah 12 testify, that a long enough
SO’ orbital motion prediction (which duration
accading to Tab 10 could adiieve 19 orbits) the
differencesin the predicted paameters of a SO’ motion
a the beginning of fina closed orbit of flight for
variants in which models GOST-2004 ad NRL
MSISE-2000 were used, in the mos cases did not
exceedunits of kilometers.



Table 12. Differences in the orbital co-ordinates
referred to an ascending node of last closed orbit at
usage atmospheric model GOST-2004 and MSISE-00.

No Space object fg‘}lg;tdég?d 1%2 ﬁIII\]I 1%11131
orbit, km

1. [ SC «Coronas-F» 124.5 -0.41-03 (1.1

2. |R/B «Delta-2» 122.0 3284 [-05
3. |R/B «Vostok-2M» 135.0 -0.410.7 |-0.1
4.|SC «ROSAT» 128.7 3.1 (295 |-1.7
5. | SC «Phobos-Grunt» 1199 -0.3|1.1 |-0.1
6. [R/B «Soyuz-FG» 134.9 1.7 112.4 1-0.7
7. | SC «Sfera» 146.5 0.7 (4.7 [-01

The obtained results concerning the significant
differences in the predictions of the SO’ re-entry
parameters at using different atmospheric models when
the predictions of the motion parameters within an
orbital phase of SO’ flight for both cases of the same
using models are enough close made us search the
cause of this problem.

As a result of such research it has been established that
the models GOST-2004 and NRL MSISE-2000 produce
the atmospheric density in different ways for different
altitude level within a so-called “impact” (or unclosed)
orbit when SO concludes its flight.

In Fig. 2-4 the dynamics of a density ratio pysise, f Gosr
calculated on the base of models NRL MSISE-2000 and
GOST-2004 accordingly in space points through which
SC “ROSAT”, RB “Vostok-2M” and SC “Phobos-
Grunt” passed during a final phase of their flights are
shown. In these figures the curves representing altitudes
of the indicated points of space over the Earth’ surface
are shown as well. On an abscissas’ axis of the
represented graphics in these figures the remaining
lifetime till the moment when the descending object has
reached the certain altitude is put aside. For the ROSAT
and the Vostok-2M it was the moment #’, corresponding
to the achievement by object of zero altitude over the
Earth’ surface, and for the Phobos-Grunt — the moment
£’ in which descending object has reached altitude
H=80 km.

As one can see from the figures, in all cases a densities
ratio pysise/ p cosr for altitudes of flight over 120 km
has complicated enough oscillating character, correlated
with an altitude changing in corresponding points of
space. Thus the amplitude of oscillation of a density
ratio puysise/ p cosr on this phase of flight for all objects
was insignificant, and the total change of this ratio
remains in limits: 0.85-1.1 - for the SC “ROSAT”,
0.8-1.07 - for the RB “Vostok-2M” and 0.75-1.07 - for
the SC “Phobos-Grunt”. However at descending of the
SO, since an altitude band of 120-110 km, the character
of the ratio pyss/ peosr became sharply changed. The
value of this ratio fast increased during a process of the
altitude decreasing, having reached the maximum value

of the ratio pysis/ peosr at H ~ 100 km. After that the
densities ratio also promptly began to decrease, having
reduced to the value ~ 1.1 at the altitude H ~ 80-60 km.

Pusise/ Poost

5 s
t-t°, hours

Figure 2. Dynamics of a density ratio pygsise/pcosr and
an altitude changing during the final phase of the
SC “ROSAT” flight.
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Figure 3. Dynamics of a density ratio pysise/pcosr and
an altitude changing during the final phase of the
RB “Vostok-2M" flight.
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Figure 4. Dynamics of a density ratio pysise/Pcost and
an altitude changing during the final phase of the
SC “Phobos-Grunt” flight.



The reweakd regular appropriateress in characer of
densities ratio pysse/ p cosr dong flight trajedory of a
SO during its desending from an orbit was confirmed
in other cases In Fig. 5 the curves of densities ratio
pusise / P cosr 1N depermdernce a an attitude for all
investigated objects are preserted
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Figure 5. Dependence of a density ratio pysise/ p cosr
on anal titude along flight trajectories of the
investigated SOs.

The reveakd differencesin the values of atmospheric
dersities repreerted by dynamic modds GOST-2004
and NRL MSISE-2000 n the areasof low dtitudes of
SO flight, with sharp let in a characier of behavior of
the ratio pysise/p cosr ON a descending phase in an
altitudes range 110-80 km is, most likely, the rea®n of
a dgnificant differerce in aSO’ re-entry time predcted
at use o one and other model, even when bhoth these
modds provided close enoughresults in the description
of SO’ motion on an orbital phase at identical initial
data.

Andyzing Fig. 5 it is easy to establish, that the
maximum values of atmospheric dersties ratio —
maxX(pusise/ P cosr) have different values for the
different considered cags coregpondng a differert
SO The maximum vaue maX(pysise/ p Gosr)
correponds to a cag d the SC*ROSAT” re-ertering,
here rT'ﬁX(pMS]SE/p GOST) = 18, and minimum value- to
a cag d the Voswok-2M reentering, when

MaX(pysise/ p gosr) = 1.35.

The reasson o such differences in values
MaxX(Pusise/ P Gost) in  depemlerce on SO
characeristics and conditions of its flight demands a
special investigation. Very likely that first of all it
should be established a correlation between values
max(pusise/ P cosr) @and level of solar and geomagnetic
adivity during the periods of a SO descerds from its
orbit. In Tab. 13data alout values maX(pMS,SE/p GOST):
reveakd at considered in the presrnt paper SO re
entries, and values of solar (F10.7) and geomagnetic
(Ap) adivity indexes during the end of life of these SOs.

Tale 13. The maximum valuesof densities ratio
pusise’ p os and valuesof solar ard geomagnetic
acivity indexesusedin dynamic models of atmosphere,
at re-entering of the considered SO.

. MeanF A
No Space wject PMSEE]?PXGUSTCET;J?“ GOST M;)IJSE -
1. |SC«Coronas-F» 1.53 92 83 86 3
2. R/B «Déelta-2» 145 68 71 69 7
3. |R/B «V0gtok-2M» 1.35 77 80 75 5
4. |SC«ROSAT» 1.80 164 | 126 | 145 | 4
5. |SC «PhobosGrunt» 1.70 130 | 142 | 127 5
6. R/B «Soyuz-FG» 159 142 | 144 | 137 3
7. |SC «Sfera» 1.63 126 | 122 | 118 7

The data, presertedin the Tab. 13, indicate on a cetain
relaion between maximum value d dersities ratio
pusise’ p cosr a@nd level of solar ard geamagnetic
adivity indexes. However most likely it takes place
influenes of maximum value of densities ratio by other
fadors. It can be, for example, flight condtions of a SO
on afind phase: flight over land or over ocean, was SO
on light or in shadow, a season when SO finished its
flight, etc.

4 CONCLUSION

As aresult of the carried out investigaions on influene
of various fadors on te fina re-entry prediction of
uncontrollable pace djecs de<erding from orbits on
examples of the SOs for which officialy adopted high
accuacy of reentry time and impact coordinates
predictions has been achieved, following outputs are
obtained.

1. It is estabished that the acuracy of the final
results o re-entry prediction depends on compostions
of the measurement set used for SO’ OD task that are
fulfilled within 1-1.5 day before a ' re-entry.

2. Some criterions for selection of the best solution
of OD for SO’ re-entry prediction from the posside
varars are dfered

3. The case d differerces taking gacein the SO’
re-entry time prediction at usng the best atmospheric
modds GOST-2004 ad NRL MSISE-00 is reveakd
For the 7 conddered havebeen re-ertered objects such
a kind differerces made 817 nminutes. Only pat of
indicaied differences deperis on values of solar and
geomagneic activity indexes.

4. The main rea®n of the reveaked differerces in the
re-entry time prediction is in fad that the aimospheric
models GOST-2004 ad NRL MSISE-00 pioduwce
different density when SO moves in dtitudes range 120
- 80 km

5. On the base of the fulfilled investigations it is
possble to meke a mndudgon tha in the most
considered ca®sthe ked resilts were dotained by using
modd GOST-2004
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