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ABSTRACT

Thepresenpaperoutlinesmethodsvhich allow to quan-
tify and monitor the on-groundpopulationrisk in the
courseof a hazardouge-entryevent. The risk poten-
tial will bederivedfrom anobjectrelatedcasualtycross-
sectiontheendangeredroundswath,andtheunderlying
populationdensity Meanswill bedescribedo performa
long-termrisk assessmetfibr agivenlatitudeband,anda
short-ternrisk assessmeffibr a givennodallongitudeof
thefinal re-entryorbit. In caseof residualmanoeuvring
capabilitiesstratgyieswill beoutlinedto manageandre-
ducetherisk potentialby controllingthe nodallongitude
of thefinal orbit, andtheimpactfootprint. Theusefulness
of theseconceptwill bedemonstrateébr thehistoricre-
entriesof SkylabandSalyut-7,andfor therecentre-entry
of theMir spacestation.

1. INTRODUCTION

Of the 26,500Earth orbiting objectswhich USSRACE-
COM hastracked since1957 morethat 18,000have re-
enteredinto the atmospherdy the year2001. Most of
theseobjectsdisintggratedand burnt up, posingonly a
minor risk onground.In theyear2001the numberof un-
classified correlatedobjectsin the USSRACECOM cat-
alogwason the order of 8,500. Dueto the limited sen-
sorsensitvities, all of theseobjectshave diameterdarger
than10 to 30 cm. Out of the catalogpopulation,about
1 objectre-enterseachday, and 1 to 2 objectswith a

radarcross-sectiofRCS)largerthan1 m? re-entereach
week. Thelatteroneswhich have a radiusof aboutl m,
have anincreasedsurvival potential,andthey aregener
ally followedmorecloselyby USSRACECOM until their
final entry A NASA [4] analysisof seseral monthsof
suchre-entry monitoring and prediction exercisesindi-
catedthat the global distribution of entry locations,for
the giveninclination distribution of the catalogorbits, is
ratheruniform, with no evident clusteringon the North-
ernor Southerrhemisphere.

Occasionallyatratesof onein severalyearsorbital struc-
tures re-entey which have geometriccross-section®f
100 m? or more, and massef several 10 tons. Such
spacecrafitan be classifiedas high-risk objects, since

they producea significantmasspercentagef break-up
fragmentswvhich canwithstandthe aerothermaheatflux
andstructuralloadsduring re-entry andwhich cangen-
erategroundimpactswith significantrisk levels to the
populationwithin the debris swath. Historic examples
of this catggory werethere-entriesof Skylab (on 11-Jul-
1979,with amassof 74t), andSalyut-7(on07-Feb-1991,
with a massof 40t). The latest,mostmassie objectin
spacehistoryto re-enterwasMir (on 23-Mar2001,with
amassof 135t). There-entryof Skylabwasanalysedn
detail by Dreher[2] et al., while the Salyut-7eventwas
well documentedn the proceeding®f an ESOCwork-
shop[5]. Resultsof re-entrysimulationswith satellite
break-upmodelswere compiled by Fritsche[3] et al.,
andby Bouslog[1] etal. In contet with launchevents,
Kompanietd8] etal., andSmith[11] investigatedossi-
ble debrissourcesandderived relatedon groundrisks.
Basedon available technicalinformation, NASA [10],
ESA [6], andNASDA compileddebrismitigation hand-
books,which alsoaddressisk assessmemindmitigation
proceduregor uncontrolledre-entries.

In the presenfpaperthe risk associatedvith the re-entry
of a risk objectwill be analysedbasedon empirically
justifiedandcomputationallyverifiedassumptionsnthe
break-upaltitude,andon the crosstrack andalongtrack
extensionof animpactprobabilitydistribution. The most
prominenthistoric re-entriesof massve objects,i.e. the
decay=of Skylab, Salyut-7,andMir, will beusedto dis-
cussresultsof therisk analysismethodswhich aredevel-
opedin this paper

2. RE-ENTRY GROUND SWATH

Some80% of the currently catalogspaceobjectpopula-
tion have nearcircularorbits of e < 0.05. This is partly
dueto operationapracticesandpartly dueto the natural
circularisationof orbits underthe effect of airdrag,con-
centratechroundperigeepassesThoseorbitswhich due
not fall underthis category are mostly highly eccentric
throughoutheir orbital lifetime, with their decaydriven
by luni-solarperturbationsctingon the perigeealtitude.
Suchre-entriescanbe forecastwith goodprecision,and
they will not be dealtwith in this paper The dominant
classof nearcircular orbits shavs clustersat certainin-

clination bands. The orbital inclinationsare very stable
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during the entire orbital phaseandthey canbe usedfor
acoarsaisk analysisfocusedonthe constrainedatitude
bandof @ € [—i, +i].

impactprobability lo 20 30

elliptic corridor 0.39347 0.86466 0.98889
rectangulacorridor | 0.46606 0.91107 0.99987

Tah 1: Integratedmpactprobabilityfor elliptic andrect-
angularfragmentdispersiorareasof 10, 20, and30 ex-
tensionsalongtrackandcrosstrack.

The predictionof the orbital decayof a spacecraftandof
its final re-entry aerothermabreak-up,andgrounddis-
persionof fragmentsis affectedby uncertaintieof the
initial orbit andattitudestate of theambientatmosphere,
of the aerodynamiaharacteristicsof the structuraland
thermalresponseof the materials,and of the resulting
break-upaltitude and fragmentspread. Dependingon
the entry angleandbreak-upaltitude, the grounddisper
sion of fragmentscanextend over morethan+1500km
along track and +£80 km crosstrack, assuminga sus-
tainedift-to-drag ratio of up to L/D = 1, and a mean
break-upaltitude of 80 km. During the orbital decay
phasethe final re-entrylocation can only be predicted
with considerableincertaintieswhich canbe cumulated
into an impactprobability densityfunction (PDF). This
PDFcanbeformally producedy propagatingheoverall
error covariancematrix from the last available orbit de-
terminationto themostprobablere-entrylocation,which
shallbedenotedasthecentreof impactwindow (COIW).
Basedon the analysisof 15 historic re-entryevents,we
shall assumehat the 20 extensionof the fragmentdis-
persionareaon groundis anellipse,whichis symmetric
to the predictedCOIW location, both in the alongand
crosstrack direction. We shall further assumethat the
alongtrackextensioncorrespond$o a+20%errorin the
COIWtime,andthatthecrosstrackextensionis £80km,
relative to a drift correctedgroundtrack. For implemen-
tation purposeswe shall analysea rectangulafragment
dispersionareawhich is tangentto the 2c dispersiorel-
lipse. The resultingprobabilitiesof animpactwithin a
10, 20, and 30 ellipseandrectanglearelistedin Tah1l.
For the adoptedconditions,the total impact probability
within a 20 rectangulagroundswathis 91.1%(ascom-
paredto 86.5%for theelliptic integrationlimits).

Mtpyred(d) | 57Atn(sec) 5TAMN(CY)  5'Asu(km)
10.0 1,052 4.39 7,895
5.0 266 111 1,997
1.0 12 0.05 87

Tah 2: Groundtrackdrift dueto cumulatedchangedity
in nodalperiod,andtheir effect on nodallongitudeAAy,
and alongtrack position As,, asa function of the time
spanAtpreq (Mir orbitati = 51.6° andH = 200km).

In the courseof are-entrypredictioncampaigrtherefer

ence20 groundswath canexperienceconsiderablarifts
in longitude dependingntheoffsetof thecurrentCOIW
predictionrelativeto thefinal re-entryepoch.Thesedrifts
mustbe taken into considerationsincethey may be of
comparablemagnitudesas the adopted2c crosstrack
swath extension. A detaileddescriptionof the ground-
track adjustmenproceduras provided by Klinkrad [7].

Tah2 summarisegelated results for the Mir ground-
track drift (inclination 51.6°, with decayto an altitude
of 200 km at the end of the propagation). In all anal-
ysedcaseghe applicationof the groundtrackcorrection
schemeo previously predictedCOIW locationsledto an
adjustedcross-trackposition well within +£5 km of the
mostrecentprediction.

3. CASUALTY CROSS-SECTION

Oneof thekey issuedn re-entryrisk analysess theiden-
tification of component®f a spacecraftvhich arelikely
to survivethedeceleratiorandheatingpeaksfollowing a
break-upeventataltitudesof typically 75to 80km. Stud-
iessponsoredby NASA [1] andESA[3] have addressed
this challengingtask,which involvesa simultaneouso-
lution of 6 degrees-of-freedom(DoF) flight dynamics
equationswith aerodynamicaerothermodynamidher
mal, andstructuralloadsactingon a complicatedgeom-
etry, composedof mary different materials. Computa-
tions predictthat certainmaterials(e.g. stainlesssteel),
andcertainshapege.g. tanks)have a particularlygood
potentialof re-entrysurvival, particularlyif high melting
temperaturearecombinedwith low area-to-masgatios.
Theretrieval of suchobjectsat several re-entrysiteshas
supportedheseassumption§2, 4].

In orderto assesghe on-groundrisk due to surviving
debrisof a singlere-entryevent, the NASA safetystan-
dard[10] NSS1740.14introducesanequialentcasualty
cross-sectior, whichis composeaf thecross-sections
A; of individual fragmentsaugmentedby a projectechu-
manrisk cross-sectionf A, = 0.36n? (correspondingo
v/An = 0.6m, asusedby NASA).

A=y (VA VA )

ThisquantityA; is asimple,yetveryefficientwayto con-

centratethe entireknowledgeon the break-upprocesof

are-enteringspacecrafinto a singlefigure. It would al-

low aspacecraftnanufcturetto providemeandor areli-

ablere-entryrisk assessmentithout disclosingsensitve

informationon constructiordetails.As such thecasualty
cross-sectiogouldbecomeacommoninternationaktan-
dardof dataexchangen thecourseof re-entryprediction
campaignge.g. in the frameof the InterAgeng/ Space
DebrisCoordinationCommittee JADC).

Usinginformationfrom ESAsDISCOSdatabasel 7,620
re-entryobjectscouldbeidentifiedfor thetime spanl957
to 2001. 5,900 0f them had information on their mean
geometriccross-sectior: 365 objectswith A > 20n?,
2,2870bjectswith 10n? < A < 20n?, 1,0180bjectswith
5n? < A < 10n?, 1,788 objectswith 1nm? < A < 5m?,
and12,162objectswith A < 1n? (including 11,725with
no information available). The resultingaveragecross-
sectionis aboutA = 5nm?. Whenapplying this valueto
eg.1,the effective meancasualtycross-sectionwvould be
A. = 8n? (the generatingand dissipatingeffects from
break-upandburn-upwerenot consideredn the coarse
assessment).This figure of Ac = 8m? happensto be
identicalto NASA'srecommendationf a casualtycross-
sectionthreshold10].
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Fig. 1: World populationdensity(1° x 1° cells). Thesmallcircle of latitudeaverageof landcover (in %), andof themean
andmaximumpopulationdensity(in 1/km2) is givento theright.

4. POPULATION DENSITY

Populatiordensitymapswith sufficientspatialresolution
arenecessaryo associatéheimpactof re-entrysurvivor

objectswith a casualtyrisk in the affectedgroundtrack
swath. Fig.1shovs aworld mapof 1° x 1° meanpopula-
tion densitiesdervedfrom 5’ x 5’ (9.25kmx 9.25km)
high resolutiondataof the Global DemographyProject
[9]. Thesepopulationdatafor the year 1994 are sup-
portedby discretisednapsof land masses.

Pp,1/km? P for Ac = 8n?

12.2/42.1 1:8,137/1:2,375
2.9/14.9 1:34,965/1:6,693
21.6/55.8 1:4,638/1:1,792

Earth,global/land
S.Hem. global/land
N.Hem.,global/land

Tah 3: Meanpopulationdensitiesof the Earth,andof its
southerrandnorthernhemispherewith resultingimpact
casualtyprobabilities(for Ac = 8n?, globalmeans/means
overlandmasses).

Thetotal world populationin 1994was5.63 x 1079, dis-
tributed over a total land surface of 1.48 x 10*8km?,
which accountsfor 28.97%o0f the surfaceof the Earth
referenceellipsoid. This correspondgo a global mean
populationdensityof 11.0/km?, andto ameanlandpop-
ulation density of 38.1/km?. The global maximum of
the populationdensity in 1994 (averagedover the 5’
x 5’ bin size) was 345370/kn?, in the areaof Bom-
bay/India. By the year 2000, the world populationhad

reacheds.23 x 1012, This valueis predictedto double
within thenext 39 years.

The histogramson the right handside of Fig.1 give the
smallcircle of latitudeaveragesf land cover (in %) and

averagepopulationdensity(perkm?), plusthe maximum

densityin eachlatitudebandof 1° width. An imbalance
betweenthe northernand southernrhemispherdoecomes
evident from thesecharts. In fact, only 11.7% of the

world population,andonly 33.3%o0f thelandmassesre

locatedsouth of the equator This hasa direct impact
on an equally imbalancedrisk distribution betweenthe

hemispheresyith a muchhigherrisk of re-entrycasual-
tiesatnorthernlatitudes(seeTah3 andFig.3).

5. LONG TERM RISK ASSESSMENT

The probability P,(¢) thatan uncontrolledre-entryfrom
a nearcircular orbit of inclinationi occursin a certain
latitude bandat ¢ < i canbe assessetly meansof an-
alytical equationgsee[6]), assuminghat for long-term
risk forecastghe impactprobability distribution in geo-
graphiclongitudeA is uniform,andtheorbitalinclination
remainsstable.

The analyticalassessmerdf P (¢p) matcheswell with a
correspondinggraphsin Fig.2, which was producedby
numericalintegration along groundtracksf orbits with
inclinationsof 5.0° (e.g. Beppo-SAX),28.5° (e.g. Shut-
tle payloads)51.6° (e.g. Skylab, Salyut-7,Mir), 65.0°
(e.g.Kosmos954and1402),and98.5° (sun-synchronous
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Fig. 2: Impactprobability asa function of latitude (0.5°
bins),for orbit inclinations5.0° (top, dotted),28.5° (top,
dashed),51.6° (top/bottom,solid line), 65.0° (bottom,
dashed)and98.5° (bottom,dotted).

orbits),for alatitudebin width of A= 0.5°. In orderto

link groundimpactprobability with local land coverage
andpopulationdensity singleorbit arcswereproducedn

stepsof argumentof truelatitudeof Au = 1°, andin steps
of geographidongitudeof ascendinghodeof AA, = 1°

(for Ap € [-180°,+180°]). For eachorbit arcthe under

lying mapsof land massesndpopulationdensitiesvere
sampledweightedwith theresidenprobabilitiesandas-
signedto binsof latitude @ (for Fig.3), bins of nodallon-

gitudeA,, (for Fig.4),and(u,An)-bins(for Fig.5).

Inclination 2] P
5.0° 0.2315 0.562x10~4

28.5° 0.2732 1.403x10°*
51.6° 0.2728 1.314x10°*
65.0° 0.2877 0.982x10~*
98.5° 0.3333 0.844x10~*

Tah 4: Landimpactprobability B, andcasualtyproba-

bility P (assuminga 10 m? casualtycross-section)asa
functionof the orbit inclination.

Accordingto Fig.2, the highestimpact probability P, (¢)
can be expectedcloseto the extreme latitudes, where
@~ +i. Sincetheintegral valueover all latitude bands
is 1 by definition, the peakprobability of B (¢) increases
with decreasingnclination. After weighting of B with
underlyingland massesthe resultinglandimpactproba-
bility B shaws a stronglatitude asymmetryascould be
expectedfrom Fig.1. This imbalancetowardsthe north-
ernhemispheras further emphasisedfter weighting of
P with local populationdensitiego obtaina casualtyrisk
probability P.. Tabh4 summariseshe globallandimpact
probabilitiesh andcasualtyprobabilitiesP; for orbits of
differentinclinations(for anassumedpacecraftasualty
cross-sectiorof Ac = 10n?). The highestland impact
probability is notedfor i = 65°, while the largestmean
casualtyrisk is encounteredn orbitsof i = 28.5°.

Fig.4 showvs landimpactprobabilityandcasualtyrisk re-
sults, averagedover single orbit arcs, as a function of
the geographidongitude of the ascendinghodeA, for
the previous orbit inclinations. A clearconcentratiorof
casualtyrisk at certainvaluesof A, is noticeable. This
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Fig. 3: Land impact,andcasualtyprobability asa func-
tion of latitude(0.5° bins),for orbitinclinations5.0° (top,
dotted), 28.5° (top, dashed),51.6° (top/bottom, solid
line), 65.0° (bottom,dashed)and98.5° (bottom,dotted).

knowledgecanbe usedto target re-entryorbits towards
longitudesof minimumrisk, if thespacecrafhasaresid-
ual manoeuvringcapability (aswasthe casefor Skylab).
With decreasingrbital inclination, the land impactand
casualtyprobability functions B and P, tend to flatten
out (note the differentscalesin the top and bottom set
of chartsof Fig.4),andtherisk reductioneffectfrom tar-
getingto certainnodallongitudesis reduced.

6. NEAR TERM RISK ASSESSMENT

Whenthe predictedorbital lifetime t,. of anuncontrolled
re-entrydropsbelov a few days, a more detailedrisk

prognosisbecomesnecessary In this case,the previ-

ouslyadopteddrift corrected?o groundimpactcorridor
(of £80 km width andof analongtrack extensioncorre-
spondingto a time window of +0.2t; ) needgo be anal-
ysedwith the properweightingby a 2D impactprobabil-
ity densityfunction(PDFyg). Thegeneraform of PDFng

for anng probabilityis

n2 1(na8 A
PDFp o= —2— -5 2
no 2S¢ no Syno &P < 2 (S%no * S%,nc)) &

wheres, ands, arethe alongtrack and crosstrack di-
mensionsof the ellipse, ng = 2 for the adopted2o con-
fidencelevel, S¢ng = Sx20 @andsyng = Sy oc arethe semi
axes of this ellipse, centredon the COIW location, and
As, and As, are the along track and crosstrack offsets
from thepredictedcentreof theimpactwindow (COIW).




~
o
o
o r
§ U Salyut-7
b= =", 0IW.
> S 40/03:57
o
- - =1/02:31
o
hed
3 "
z
k]
< 5
" i
R Tl i
135.0 - i el o i
B
+0 E = P PO Skylab
cow
180.0 L e e e L T . S - +0/16:45
0.0 45.0 90.0 135.0 180.0 225.0 270.0 315.0 360.0

LandCov avg PD max PD

Arg. of True Latitude (deg)

-45.0 - i - "‘_ ” - 3
o a .
R xS o Mir
- g - cow i
oo 1'13 : _i._:_.- —_—— o +0/06:25
0

&=
' o
45.0 90.0

1350  180.0 2250  270.0
Arg. of True Latitude (deg)

|
315.0  360.0
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averageof land cover (in %), andmeanandmax. populationdensity(perkm?) is givento theleft.

A detailedrisk analysisshall be performedby meansof
discretisatiortechniqueswith theaimto replaceintegral
expressiondyy finite summationsThe spatialresolution
on groundshallcomplywith the 9.25kmx 9.25kmreso-
lution of the world populationmaps. For the forthcom-
ing analysis,the groundswath information bins (of im-
pactprobability, land coverage populationdensity)shall
be sampledat constanincrementsf ds, = 10kmalong
track, and ds, = 10km crosstrack, over the rectangular
swath areaof 20 extension(clipping of bins at the 20
swath bordersis applied). By approximationof the 2-
dimensional,20 probability density integrals via finite
summation®neobtainsthe following resultsfor theim-
pact probability B o5, the land impact probability B >,
andthe probability of populationcasualtied. o for ary
givenre-entryevent.

N M
I3|,20 = Z (P|,20) n,m (3)
n=1m=1
N M _
H,ZO’ = Z (P|,20)n,m X (fl)n,m (4)
n=1m=1
N M _
Peoo = Z (P|,20)n,m X (pp)n,m xA: (5
n=1m=1

wherethelocalimpactprobabilityis definedas

(P,20)nm = PDF2g(ASky,Asy, ) X 85 x 85, (6)
(f/)nm is thefractionof landcoverage and (pp)n,m is the
averagepopulationdensityin the sampledgroundswath

areabin, while A. (seeeq.1)is the spacecrafspecificca-
sualty cross-sectionwhich shall be adoptedto be con-
stantat 10n? for all risk calculationswithin this paper
(the NASA guidelines[10] requirethat Ac < 8m¥ for alll

uncontrolledre-entries).By definition of the 2o impact
corridor (seeTah1), anddueto integrationovertherect-
angularareainsteadof the uncertaintyellipse,theimpact
probability B 2 will alwaysbe 0.911,with lessthan9%
chanceof animpactoutsidethe 2o rectangulabounds.

7. THE SKYLAB RE-ENTRY

Skylab was launchedon 14-May-1973into a near
circularorbit of 50.0° inclination, with aninitial altitude
of 434km which wasraisedto 441 km in Feb1974,af-
ter the last of threecrews hadleft. Therewereno ma-
jor orbit manoeuvreshereafter Dueto an unexpectedly
high level of solaractivity with the approachof the max-
imum of solarcycle 21, the 10 yearlifetime predictedin
early 1974, was significantly shortenedand Skylab re-
enteredon 11-Jul-1979at 16:37 UTC, above the Indian
OcearandAustralia[2]. Priorto there-entry Skylabwas
re-actvatedon 06-Mar1978.Subsequentlyesidualatti-
tudecontrolcapabilitiesvereusedo performanorbit en-
ergy managemertty changingheeffective aerodynamic
cross-sectiorof the 74 ton compoundof length25.6 m
anddiameter6.6 m. The meanarea-to-massatio A/m
could be alteredby a factor of 2 betweena sun-inertial
(SI) high drag, and an end-on-elocity-vecta (EOVV)
low dragattitude.On 25-Jan-197%heattemptto prolong
orbital lifetime (in an EOVV configuration)was aban-
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doned,and Skylab wasleft in an Sl attitude,which was
followed by atorque-equilibriumattitude(TEA) to con-
trol thelongitudepositionA,, of theascendinghodeof the
predictedre-entrygroundtrack.

The Skylab re-entrypredictionsduring the last 24 hours
of its orbitallifetime wereall locatedon a singleground-
track with an ascendinghodeat the geographicalongi-
tudeA, = 174W. Fig.5 shawvs thatthis longitude,which
wasattainedby anorbit enegy managemerdtrateyy, re-
sultsin are-entrygroundswath with a global minimum
in meanpopulationdensity andhencein meancasualty
probability (averagedover one orbit). During the last
24 hours, predictionsindicatedthat the COIW location
walked backwardstowardsthe denselypopulatedNorth
America. At T-13h beforethe predictedentry, the land
impactprobabilitywas19.3%,andthe casualtyprobabil-
ity was1/31,600.In orderto furtherreducetherisk, Sky-
labwastakenoutof its torque-equilibriurrattitude(TEA)
andputinto atumblingmotionat 07:45UTC on 11-Jul-
1979. This led to a dragreductionof about20%, mov-
ing theimpactlocationdowntrackby about1/2 orbit, and
placingthe COIW right betweentwo successie passes
acrosghe denselypopulatedNorth Americanlandmass.
Fig.5 (label "Skylab™) shaws the correspondingyround-
track pattern,basedon TLE datafrom 10:57 UTC (at
T-5.5h). Due to the executedattitude manoeuvre the
probabilityof landimpactwasreducedo 16.5%,andthe
populationcasualtyrisk was reducedby almost25% to
1/40,509. This risk figure correspondso lessthan20%
of theglobalmeancasualtyrisk of 1/7,750for areference

spacecraftasualtycrosssectionof 10n?.

The reconstructedmpactof Skylab wasdeterminedor
11-Jul-1979at 16:37 UTC, north-easbf the Australian
city of Esperanceat32°S and124°E. Severallargefrag-
mentscould beretrieved from ground,including a water
tank,aheatexchangeranairlock shroud,oxygenbottles,
andafilm vault (in ascendingrder, alongtrack).

8. THE SALYUT-7 RE-ENTRY

Salyut-7, a precursorof the Mir spacestation, was

launchedon 19-Aug-1982. A weeklater, its initial near
circular orbit of meanaltitude 475 km and inclination

51.6° was reached. Following a seriesof crew visits

(SojusT-5 to T-14) anddockingswith supplyspacecraft
(Progresd 3to 24),the 20 ton Salyut-7station(with So-

jus T-14 attachedwas complementedy an unmanned
Kosmos-1686noduleof the samemasson 02-Oct-1985.
After separationand returnto Earth of SojusT-14 on

21-Nov-1985, the Salyut-7/Kosmos-168&ompoundof

40 tons massand 26 m length was left mothballedat

475km in Aug 1986. From thereit startedits descent
into the atmospheravhich led to a final re-entryabove

SouthAmericaat03:45UTC on 07-Feb-1991.

In contrastwith Skylab, Salyut-7did not have sufiicient

residualcontrol capabilityto effectively influenceits re-

entry time and the resulting groundtrackpattern. For

mostof its descenperiod,Salyut-7/K-1686vasin apas-
sive, high draggravity gradientorientation,with its lon-

gitudinal axis closeto thelocal vertical. With increasing
air drag,a precessiorwith 10° to 20° coninganglewas
superimposed.Two daysbeforethe predictedre-entry

an attemptwas madeto re-orientatethe Salyut-7 space
stationinto an attitudewith reducedair drag,in orderto

extendthelifetime andshift the probableimpactlocation
towardsgroundtracksvith minimisedcasualtyrisk. Due

to aninsufficientremnanbf propellanthis strateyy could

not be realised. Accordingto the RussianMission Con-

trol Centre,the Salyut-7/Kosmos-168&e-enteredover

Argentinaon 07-Feb-1991at03:47UTC. At least3 ma-

jor fragmentscould beretrievedaftergroundimpact.

The geographidongitude of the ascendinghodeof the
Salyut-7/Kosmos-1686e-entryorbit wasthe vicinity of
An =~ 13°W. Accordingto Fig.5 (label "Salyut-7") such
a groundtracKeadsto a global maximumof land cover-
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age,with arisk of casualtiexloseto the global mean.
The short-termrisk analysiswasfairly stableduringthe
last 3 days, and the final casualtyprobability was esti-
matedto be P;»; =1/7,050,basedof an orbit determi-
nationfrom T-2.77h. This valueis closeto the global
averageof 1/7,650 for this orbit inclination of 51.5°,
andfor thereferencespacecraftasualtycross-sectiomf

Ac = 10m?. The correspondindand impact probability
is about42.0%, which is closeto the global maximum
of 45.0%over a singleorbit. Fig.6 shavsin moredetail
that60% of the casualtyrisk is compiledduringthe pass
of SouthAmericaand its denselypopulatedcoastline,
while another30%is dueto thedownrangepossibility of
apassacrossNorth Africa andEurope.

9. THE MIR RE-ENTRY

The core module of Mir, the successoof the Salyut-7
spacestation,waslaunchedon 20-Feb-1986 Five more
moduleswereattachedetweerMar 1987andApr 1996.
Up to early 2001 several Progressand Soyuz capsules,
andanumberof Shuttlemissionsservicedhe 135t space
station, which had extensionsof 30 m in all three di-
mensionsOn 27-Jan-200A speciallyequippedProgress
M1-5 capsuledocked with Mir. Following a naturalor-
bital decayto about215km meanaltitude,the spacesta-
tion was de-orbitedin a controlledmanneron 23-Mar
2001, following a 3-manoeuvreburn stratgy within 4
consecutre orbits, leadingto a splashdown nearA =

—160.0° andg = —40.0°, at 06:00UTC, well insidethe
ervisagedre-entryzoneasshowvn in Fig.7. With 51.6°

Mir hadthe sameorbital inclination as Salyut-7. More-
over, its de-orbit took place on almostthe samefinal

groundtraclasthe decayof Salyut-7,with the major dif-

ferencethat the phasingof the Mir re-entrypositionon

that orbit wasfully controlledand optimised,suchthat
the distanceto the nearestand massesvas maximised,
andthe on groundrisk was minimised (compareFig.5,
Fig.6top chart,andFig.7). Evenwhenassuminganim-

pactfootprint of extensionst2,500 km along-trackand
4100 km cross-trackwhich is +1,000 km longerthan
predictedby TsUP),the derived casualtyrisk according
to the previously describedassessmenprocedurewas
virtually zero. This demonstrateshat even large, mas-
sive objectscanbe safelyde-orbited,if adequatalesign
andoperationaprovisionsaretaken (for ISS similar de-
orbiting proceduresreconsidered).

10. RELATIVE RISK LEVEL

Therisk analysisfor uncontrolledre-entriesfrom orbits
of 51.5 inclination(e.g. Skylab, Salyut-7,Mir, andISS),
andthelong-term,globally averagedisk assessmetrior
suchinclinationsresultsin 20 populationcasualtyprob-
abilities P, which are of the sameorderof magnitude
as the permissiblethresholdof P;o; <1/10,000,which
NASA defines[10] for a single uncontrolledre-entry
event (assuminga spacecraftcasualtycrosssection of
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Ac < 8mP). For the partially controllednaturalre-entry
of Skylab, thisrisk level wasreducedoy morethanafac-
tor of 5. In caseof thefully controlledde-orbitof Mir, the
casualtyrisk wasvirtually reducedo zero,by placingthe
impactfootprintin atotally uninhabitedarea.

If one makesthe highly pessimisticassumptiorthat all
17,820re-entriessince Sputnik-1 causeda groundim-
pact with a mean casualtycross-sectiorof 8 m?, and
if one assumeghe Earth populationof the year 2000
(6.228x 1079, correspondingo a global meanpopula-
tion densityof 12.2 perkm?), thenthe cumulatedrisk of
casualtiesvould be 1.7 within 43 years. This risk can
be translatednto an equivalentpersonakisk. For a US
citizen, therisk to bekilled beforereachingheage50is
aboutl in 7 x 10t° dueto debrisimpacts,1 in 20,000due
to asteroidimpacts,1 in 20,000dueto airplanecrashes,
1in 300dueto homicides,and1 in 100dueto caracci-
dents.Hence,in spiteof the wide public attentionwhich
is paidto uncontrolledre-entriesof large spacecraftthe
associategorobability of casualtiess several ordersof
magnitudebelow the level of dayto day risks which are
commonlyaccepted.

11. CONCLUSIONS

A methodhasbeenoutlined to assesshe re-entryrisk
potentialof large, man-madespaceobjects. As part of

theanalysisthe probability of landimpact,andthe prob-
ability of humancasualtiesanbe determinedpasedon
empirically justified 20 boundsof a 2-dimensionaim-
pact probability densityfunction alonga drift corrected
groundtrack. The extensionof the assumed®g impact
dispersionareacan be dynamically adjustedas the re-
mainingorbital lifetime diminishesin the courseof are-
entrypredictioncampaign Therisk analysismethodsle-
scribedn thispapemwereappliedto thehistoricre-entries
of Skylab (a 74 ton spacecraftvith someresidualcontrol
capability) and Salyut-7/Kosmos-168fa 40 ton space-
craftwith no controlcapability). Also therisk associated
with thefully controlledde-orbitof the135ton Mir space
stationon 23-Mar2001wasanalysedconfirmingacasu-
alty risk reductioncloseto zerodueto properselectionof
theimpactfootprint.
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