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Th• report annexed hereto ls 1ubmitl~u co the Scientific and Technical 
Sub-Committee of the Committee on the Peaceful Uses of Outer Space by the Committee 
on Space Research (COSPAR) of the International Council of ScientUic Ul'lione (ICSU) 
and the International Astronautical Federation (IAF) in response to an invitation 
from the CorNnlttee. 

Thi■ invitation vas based on a r•~ommendation of the Working Group o! th• 
Whole established by the Scientific and Technical Sub-Committee at its 
twenty-fourth session. in 1987, to evaluate the implementation of the 
recommendations of the Second United Nations Conference on the Explor·ation and 
Peaceful Uses of Outer Space (UNISPACE 82), The report of the Working Group of the 
Whole (A/AC,105/383 and Corr.l, annox II). which was adopted by the Scientific and 
Technical Sub-Committee, contained a nu.mber of recommendations for studies. These 
recorNnendations were approved by the Committee on the Peaceful Uses of Outer 
Space l/ and were subsequently endorsed by the General Assembly in its resolut i on 
42/68 of 2 December 1987. 

The present study was undertaken in accordance with paragraph 13 (d) of the 
report of the Working Group of the Nholo, which reads as follows, 

"The CoMlllittee should, within existing reaourcen, taking into account the 
study on environmental effects of apace activiti•• prepared by COSPAR 
(A/AC,105/334), invite c,sPAR and IAF to undertake a follow-up 1tudy on the 
environmental effects of apace activities, with particular emphasis on apace 
debris," 
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A pre11alaarr 1tetu1 report oa the 1ue1tloa of apace debr11 (A/AC,101/403) wa1 
111baltted br COIPU to the lc1eat1flc aad Technical lub-C-lttee at lt1 
tweatr-flfth 1e11loa, la 1911, That prell~lnary report 11 1uper1eded by the 
pre1eat report, prepared by I, J, Bauer on behalf of COIPAJI and by L, Perek on 
behalf Of !Ar, 

11 lee Offiqial ltQAE41 AC tbt Q101ral A•l•Mly. rorty-••AAP4 ··••iAQ• 
lq1l1m,pt IA« 29 (A/43/30), para, 37, 
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Th• CommlUN on the P.aceful u .. or Outer Space, at it• thirtieth 1N1ion In June 1988, lakln1 
Into account tb• atudy or Jo:nvlronm■ntal Eff'ed1 or Space Actlvitl■1, prepared by COSPAR, 
A/AC. 101'1/334 or 23 November 1984, ■ndorNd the reque1t or the Scientific and Technical 
Sub-CommlUN, to invite COSPAR and the International Aatronautlcal Fed•ratlon (IAF) to 
undertake I follow-up 1tudy on the environmental etrecta or 1pact1 actlvltlt11, with particular 
emphul1 on apace debrl1. In respon1■ to that requHt, the preaent report hu been 1>r11par•d by 
S.J. Bauer on behalf or COSPAR t.11d by L. Perek on behalf of the IAF. The r•port hu ln~n 
con1ldered and approved by the COSPAR Bureau and by the IAF Bureau. 

The Scientific and Ter.hnlcal Sub-Committee hu had before it in the put aeveral docuruP.11h 
touchin111 on the pre1ent topic: Mutual Relatlona or Space mi11ion1, A/ AC.101'1/261 of 7 Dt1c-embt!r 
1979, Study on the Dynamic• of Space Object,, A/ AC.106/21'19 of 11 January 1980 and Add l 
of 14 January 1980, Impact of Space Actlvltlea on the Earth and Space Environment, A/CON F. 
101/BP /4 of 30 January 1981 (a background paper to the conferenre UNISPACE 19R2) and the 
above mentioned study by COSPAR. 

Thi• 1tudy hu been elaborated on the bui1 of put and prHent apace activltiee. Should 
future apace activitiea continue approximately at the 1ame extent and 1tyle, the data of thi11tudy 
may atay v&lid for a few yean. Should, however, future apa.te activltlt11 increue to a multiple of 
the pre1ent levt1I or ahould new propulllon method• be introduced or new application, of apace 
1cience and technology implemented, an updating of thia 1tudy would become necetaary. Also 
progre11 lo aclenc■, 1ucb u a better underatandln1 of the influence of ao)ar activity on the apace 
environment, or progre11 lo technology, auch u detecting 1pact1 debri, of 1maJJ 1ize1, may rl'quire 
a ,~valuation of some rl'sulte preaented below. 

2 Concern of the International Scientific Community 

The pre1ent 11tudy deal• with ttff'ect1 or apace activitiea on the 1p1ote environment, on tbe varloua 
layers of the atmo,phere u well u on tht1 ground. Some or theae eff'ed1 con1tltute potentially 
harmful environmental pollution. A1thou11h the level or apace activlU111 hu bfM!n more or le11 
con■tant lo the Jut 1everaJ year,, aome environmental •ff'ecta are ■teadily lncreuing. Many 
1clentl1t1 are of the opinion that such effect, may become, or have already become, irrevenihle 
and that preventive meuure1 have to be adopted at the preaent time in order to avl!rt difficult 
problem• in the future. It seem, that preventive meuures are technically feuible whil11 future 
remedle1, auch u clea11i1111 of outer apace, are beyond the po11ibilitie1 of present ecilmcl! and 
technology. 

Among thoae concerned about the pollution of outer apace by debri1 are utronomere be­
rauae photograph• of faraway celestial objectl frequently record tracet of ,pace objech. Non 
repeatable obaervationa may thu1 be loet to 1cience and the progreH of utronomy 1low•d down. 
E.g., apecular reflection• from artificial apace object• may be confuaed with tran1ient optical 
emis~ion1 of gamma- ray sources in aupernova remnant• (1). Al10 the danger of apace debria to 
expen1ive scientific miatiiona is rl'&lized: the dl!tectore on the Hubble Space Teleecope may hi' 
d&ma,:.-d or degraded and ill guidance senson confused. There i• approximately a on• percttnt 
chance that the Space Tt•leecope will be dHtroyed by a colli1ion with a large piece or man -made 
■pace debri, during its projt!(tttd lifetiml' [2). 

I, .. 
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2 CONCERN OF TIIE INTERNA'flON.U SCIENTIFIC COMMUNITY 

Tb• lnltrnallonal Allronomlcal Union, an or1anlaatlon or aome 6000 pro{N1lonal U• 

Uonomara, adopled a\ 111 General unmbly in Delhi, [ndla, in 1986, the followin1 rt10h1tion 
(3): 

The lnternational Aatronomlcu Union, 

• nol/n,r with 1rave r.oncer11 the dramatically lncreuin1 uHt of 1pace ror 1clentiftc 
or olhtr purpoaea and the accompanyin1 contamination or apace Iba\ advernly 
aff'ect, utronomical ob1erva'10111 from the around and from ,pact, 

• ,.._affl,m, it1 prevlou1 r11oluUon1 bearlna on the uae• or 1pau, 

• malnlai111 that no group hu lht right to change the Earth'• environment in any 
1ignlftcant way without full International 1tudy and agreement , and 

• ur1• Iha, all national repreaentaUvet bring thi1 concern to the notice of adher­
ln1 org&ni1atlon1 and space agenclet In their countrle1. 

The matter wu under di1cu11bn at the Ge11llral A1aembly of the lAU in Baltimore, USA, 
In Augu1t 1988: 

The XX General Aaaembly of the IAU, 

• no&/n1 with 1rave concern the lncreulng Impact of Ught pollution, radio fre­
quency interference, 1pace debrl1, ud other environmental factora that ad· 
veraely ·aff'ect obeervln,i condition, from the ground and In apace; 

• ,._affirm, the 8pecia1 import&nce of the re10lution1 adopted by prevloua General 
Aa■embliea that relate to the protection of obaervatoriea (ground-bued and in 
apace) i\lld of obaervin,i condltiona ... ; 

• slron1ly urgea 

I. that all utronomere requeat civil autboritie1 and othera in their countriea 
to implement aolutiona to preserve the quality of observing conditions, 

2. that all national organization• bring theae concern• to the notice of &dhering 
organization,, space a,:enciea, and others in their countrie1; 

• no&ee witll special apprttialioa th014! ~encle1, communltiea, organlzationa, and 
lndlvidual1 who have bl'come aware of the i111ue1 and have begun to ht'lp; a.ad 

• l'ncoura«n all others, ,verywhere, to bttome aware or the need to minimiz~ 
the impact on the environment of light pollution, radio frequency interference, 
and 1pace df'bria, which are cau1in11 increuinKIY Hevere impact on obaervinl! 
condition• for u\ronomy and which will continue to compromiH m&11kind'1 
view of th• Univene; and 

• ttquNla through ICSU that SCOPE (Sdf!'ntific Committee on Problems of the 
Environment) should study the nat ure and utr.nt of thia threat and advise the 
IAU of its findings. 

An IAU l'ollnqui11m on Light Pollution, Radio lnterferenre and Space O,bria wu held In 
Wuhington, D.C., l'SA. in Au11u1t 1911M. 

I••• 
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Spac• pollution and, In particular, artiflclal ,pace debrl1 are beln1 clOHly followed by 
COSPAR and IAF with a view to maintaining aafety or apace operation, u well u protect­
Ina the environment. 

COS PAR ntabU,hed a Panel on Potentially Environmentally Detrimental ActlvltlH In Space 
(PEDAS ) and at the three moat recent COSPAR Plenary Meetlnp, held in 1084, 1088 and 
1988, apeclal worklhop1 have been devoted to the atudy or orbital debria (4). In 1984, COSPAR 
adopted the following deciaion (5): 

COSPAR, 

• notln1 the increuing population of aateWt••• apace vehicln, txploalon frac• 
mont11 and propul1ion by ·product, in the near- Earth environment, and 

• con1/derin1 the probable colll1ion1 of bodiee in thla population and the con11-
quent increue or the number or uncontrolled object, ln apace generated rrom 
,uch coW1io111, and it• effect oo the fotur11 utilization of apace, and 

e notin1 the proposed indu■ion of a Work, hop in the 1988 COSPAR Mwtlng, 
• recommtmds that encouragement be given to atudiu of the aatelllte, apa.ce ve­

hicle and artificial particulate population of th11 near Earth environment , and 

• recommend• that the International Sympoalum on Space Safety and Reacue 
(IAF/IAA forthcoming meeting on 8- 13 October 1984 at Lau,anne, Switzer­
land) be informed of COSPAR'1 concern In theae mattera. 

At the IAF Congre11e1, apace debri1 and apace 1afety ha.ve been conaidered for many year, 
In the fr1UDework of the lAA (lnterna.tional Acaderuy of A1trona.utica) Sympotia on Safety a.nd 
Reacue (6). Legal upecta of the environmental impact of apa.ce activitiea have b•n diacuned at 
aeveral Colloquia and Round Table DiMcu11ion1 of the International ln1thute of Spa.ce La.w [7). 

The European Space Agenry (ESA) organized a. Workshop on the a..--.otry of Space Debrie 
In 1985 [8) and in 1988 set up an ESA Space Debrie Working Group, chaired by Prof. Dr. D. 
Rex, to prepare a Space Debrie Report due to appea.r by the end of 198819). 

The ll11titute of Air and Spa.ce Law of the Cologne Univer■lty organized an International 
colloquium on the Environmental A1pect1 of ActlvitiM in Outer Space - State of the Law &nd 
Meuuru for Protection, held in Colot1tne, Fed. Rep. Germany, in 1988 (10). 

On the national level, rli1cu11io111 of 1cientific, techokal and legal upect1 of apace debrl1 
took place on many occuion,. A few examplee: The American ln1titute of Aeronautic, and 
A1tronautic1 adopted a po1ition paper on apace debri, in 1981 (11). NASA organ.ized a conference 
on orbital debri1 [12) and the U.S. Department of Derenee conducted a. 1tudy in 1988 examining 
the moat currently available data derived from objett, returned from and obeerved in apace 113). 
A monograph by N.L. Johnson and D.S. McKnight on Artificial Space Debri, appeared in 1987 
!14) and a quarterly, Orbital Vebri• Monitor [15), ,tarted to a.ppear in 19118. 

The above eelection from current Uterature 1how1 tha.t the pollution of outer apace and ,pa.re 
debrl1 In particular have been recognl1ed u important topic, by the 1cientiflc, t@Chnlcal and legal 
commullitiet. Relevant queation1 are bein111 dl1cu111ed at national and International meeting, and 
multi a.re pubU1hed in apecialiat u well u wid.-.circulatlon journal• and periodlcal1. 

, ... 
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3 SPACE DEBRJS 

A1 can bt Inferred from the opinion■ expreued In current Utera&ure, the 1cltn&lt\c community 
I• concerned 111& &he adverae experience of other tnvlronmenlal problem• be repeated. Tht mo1& 
danprou11tem1 to be the 1teady lncreue or the number or apace debrl• generated in &he cour11 
or normal apace ac\lvitil'II and, In particular, the Intentional u weU u unintentional explo1lon 
and break- up or apace object,. A coW,lon with apace debri, could cau11 aevere damage 10 an 
active 1ateWte, In partlcula.r, m&nned ml11loo1, 

The duger of apace object, Impacting on the ground u weU u the pollution of the at• 
m011phere by eKhau1t1 or launching rocket, or by 1clt1D&iftc releue experiment, 1Mm1 to be at 
preaen& wlthln acceptable Umlt1. 

3 Space Debris 

S.1 Terminology 

The 1987 Outer Space Treaty t.nd the 1978 R.eAJ1tr&tlon Convention u1t the term• "apace ob­
ject•" or "object, launched Into outer 1pt.ee", Theae term, refer to artlftclal, man - made object■, 
not to n&tural onea, known In utronomy u "meteoroid•", The extent or the term ",pace 
object" 11 not Interpreted in quite the 1ame way by State Partlea to the above ln1trument1, 
Within the rramework or the Re,tl1tratlon Convention, ,ome Statet announce only the launch• 
Ing, of payload, while other State, &nnounce &110 launching• of non-functional object,, such 
u 1pent booatera, spent m&neuverlng stage,, 1broud1 etc. For the purpoae of thi1 1t11dy, the 
term "ap&ce object" will be u1t1d for all object• launched into outer ■pace, functiont.l a, well u 
non- functional, including debris. 

"Debrl1" 11 a deacriptlve tMm or the 1ame mea.ning u "rra«ment" or "fragment•". Thttr11 11 
no 1harp limit between "debris" and "non-functlont.l objectl", the latter creating the impre11ion 
orlarge object, while "debri1" may refer al10 to ,mall object, down to a fraction or a millimetre. 
Duet particle,, molecule■ and ga11eou1 component,, dealt with in Sectiona 4 and 5, are not, u a 
rule, refl'frf'd to a "debri1". 

Au "t.etive 1atellite" or "payload" is under■tood to be performing some intended function. 
After the termination oCits &etivity, while ■till in orbit, it continue■ to be referred to u "payload" 
but it becomea an "inactive satellite". In the terminology of the International Telecommunica• 
tion Union, u M&etive sateUitt>" is defined, more narrowly, u an earth satellite carrying a station 
(i.e. radio tran1mitters and rec11ivera) intended to transmit or retran■mit radiocommunication 
signal• (16), 

The NASA SatellJtr Situation Report ! 171 usf's two t11rm1, "payload" and "debris" to cover 
aU kind• of &rtiftcit.1 spac11 objects. 

3.2 Trackable space objects 

One of the Aources of information on spare object■ i ■ th, NASA Satellitf. Situation Rtiport 
I I 71, It i1 baaetl 011 data from th1• trackin11t network of the North American Aero1pac, Df'fenl4! 
Command. The sen1itivi1y or radau participating in that nP.twork permit• 1.he detection of 
objrrt1 of •I cm di1U111•h•r .\t WO- :JOO km altitude, or 10 cm diam,ter at 1000 km, or I m at 

I,'• 
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11000 km allltudt. Optical method■ u■ed for tracldn« apace object, at hi«her altltud" permit 
the detection of 111 cm object ■ at 11000 km and I m obJMtl at the «eoatationary orbit at a 
dl■tance of almoat 36000 km (18J. Only object• which havtt bffn obaerved by more than one 
radu and which roul1' have bNtn u1ociah,d with a ~pttriflc launch ar, included in the R1•port. 

Dla«raun• of 1at11lll11• populatlona near the Earth and u far l\l the KOOMt&tionary orbit ar11 
1hown In Figure I and 2. Thl!y refer to the aituation on I J1111uary I 0117 wh<'n the totl\l numb,., 
of uackable 8pace objoch wu 6237. Tho latcat 11vailable l1111e of the Sat,.Wte Situation R.t,port 
of 30 June 191!1! liatu a tota.1 of 7184 &pace obj11ct& including 1777 p11ylo111la and r,,107 1l1>bri1 In 
orbit around the Earth. 

' . . 
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,, • - ~ • • I • • ' • ' I •• • •, • 
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f'igu,. , _. The •am• u f'igur. I, in a Hrale show1n1 the populatwn by tr11cltablt1 ~pact! obJ<'rl• o( 1h11 
,reo,tationary orb,& and of h1(hly eccentm orblle, Published 111 {I]. 

It wu estimated [18, 26J that of the total population of trackablt1 space objt•rU in orhit are: 

2- 5% operalio11al payloa.dR, 
2 I% 11011 -operational payloa.da 
25% mi11ioo - related dl!bri", and 
4!)% dt'bria from sat<'llite brl'ak-ups. 

In oth.-r word", out of tht> over 7000 ,pa.cl' obj1•rlft, only I ~Oto :1rio l\rl' arllv<' ult•llit••H whil" the, 
rest do not pt•rform any us.,ful function. 

Numbers of trackable 8pa('e obj••tts have been incre1111i11~ 1inc1i thP tw~innin~ of th<' MJl&fP 
era with the l'lCceplion of a ahort period around 1979 -191! I, u shown in Fi~urtt J . In that tim1t 
span, the number of launches u Wt'II aa or payloads launched WAIi bPlow normal ( Nl'I' Fil!, 1) 

I.•• 
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1 SPACE DEBlllS 

and there were no break-up• of 1ataWt• producln1 lar1e numbara of 1pac. dabrla, The moat 
Important ,tree,, however, -ma to be the mulmum of 1olar activity of 1979--1980 (19). Ona 
of the conaequancN or hl1h solar activity 11 an lncraua In the dan,lty of the upper atmosphere. 
Spedftcally, the factor of lncreua 11 approximately: 

4 time~ at an altitude of 300 km, 
20 tlm11 at an altitude of 500 km, and 
10 tlmN at an altitude of 800 km. 

The con•pondlDI larser atmoapherlc dras mak• the llfatlm• of aatelllt11 aborter aad they 
decay 1oonar. After the solar mulmum, there remained le11 debrla la orbit at altltud• of 300-
800 km ud outer apace wu partly cleaned up. About 30"» of trackable apace objKta decayed 
prematurely thank■ to the 1979- 1980 solar mulmum. 

1975 

Fi1un 3: Number, of &rackab/11 •pace obj~&II in ea1&b orbit. 

After the muimum, betw~n l 98:J- 1988, the increue of number• of 1pact object, hu been 
fast, possibly faat4.'r tht•n before tht' ma.ximum. Since the number of launchea and or payload• 
hu not been lncreaaiilg, u shown in Fi«ure 4, we have to conclude that technology and dNign 
or satt'llites have not yl't rontributc:'d to a limitation in number• of debrl1, 

Trackabll' ,pace obj,,.-t, appear with hiKheat fr<'11111>11cy at ahitudee between 800 .. 1000 km 
and around 1500 k111. I hit i, shown in l'lgurt! 5 whkh give1 ,patla.l den1ltle1 of 1pace object• In 

I••• 
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fi1ul'f' $: s,,ariAI den,ily o( lraclcab/e ,pace ohjttl,, u of 31 March 11188, plollfld a,ain•I a/ticud•. 
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3 SPACE DEBRIS 

numb1n or object■ per cubic kllomet1r. Th• di-cram corrqpoad1.to th11tat1 u or 31 March 
1988 and WU tr.k■n rrom (1~). 

3.3 Non-trftckable debrl1 

Object• which are too 1mall 10 be detected by current mean, certainly exl1t ID number• exceeding 
1t1veral time■ the nuruber1 or trackable debrl1. Some au thou, rather coa11rvatively, 11timated the 
amount or non-trackable debrl, to 2-4 tlmH the number or tracbbl1 object,. An experiment, 
conducted at the Uncoln Laboratory of the Mu1achu11uU1 l111tltute of Technology (?.OJ 1howed, 
during a Umlt■d period or time, that debrl• down to 1 cm 11111 are 8 tlmN u populou1 la low earth 
orbit, u tracked ■pace object,. There were Indication■ that even u rar u the 1eoatatlonary orbit 
thert are 1ub1tantlal number, or debris e1caplng detection by conventional ln1trumentation. 

On the other hand, during a M!arch for geo1ynchronou1 debria by T.G,hrela and F. Vilu (21) 
only 10 object, were recorded, moat of them 1atellitaa, but 1ume ahowlng north-,outh motlona 
Indicative or Inactive objoct1. Although fa.inter geoatationary debrl• could have been ldentilled 
if pr11aent, no object, were found 1maUer tbt.n about 2.!> m di&meter. The March wu made on 
5 night, in 1984 and covered 16.4 1quare degree,, a very ,mall part or the geo,tationary belt. 

One of the few caaH when the impact or a non- tracbble debrla wu Indeed ob1erved la 
tho cue or Space Shuttle flight STS-·7 (13, 22). While In orbit, the crew detected a pit on 
the outside window of 5 mm. di&meter. An exa.mlnatlon .Cter landing hu 1hown that the pit 
contained titanium with a trace of alumlnum. The particle had a diameter of 0.2 mm and an 
Impact velocity or 3--6 km/a. lt wu a ftake or paint from another apace object. 

The rH11lt1 of considerably more ext,n1ive eff'orta will have to be awaited before good data 
c&n be 1ub1tltuted for preaent e1tlmate1 of the numbera and 1l1i dlatributlon or ,mall debrl1. 
Only then It will be poaaible to determine reliably the degree of pollution of outer apace by 
artificial 101id objecta. 

3. ◄ Origin or debrl1 

Some debrla i1 related to the normal function or the launching vehicle and 1pacecraft. TheH are 
the rejected 1hroud1, apent rocket 1tace1, covera, exploalve bolt• uaed In 11pu-atlon or atagea and 
ftak11 or paint p■■led off' from orbiting space object,. TbHt are called mi11lon-related debrla. 

Dy far the mott prolific aource of ,pace debrl1 are explotlon1 and break -up,. Th, ll rat 
break -up of a 1atelllte occurred In 1961. An Ableatu- rocket exploded due to an unknown cauae 
and ~enerated over 280 trackable piece, of debri1. Over 80 expl01ion1 and break-up• have been 
record,d since that time [14] u Ahown in Table 1. The data refer to the end of 1986 and have 
been updated to the .-nd of 1987 in the bottom part of the table on the buls of data In the 
Satellite Situation Rl'port (l 7]. 

The nurnbera in Table I ar, not final bPcauae dl'bris contlnul!I to b11 detected. E.g., th11 
Aril\n• V 16 rocket which exploded in November 191!6, li,iure, In the 1986 data with 80 debris 
j'lil'tt'A known at that time. In the count of 1987, 370 additional debrl1 were dl1covered and 
20 more in the first h&lf o( 191!1!. On.- ~atellite brok_. ,,pin 1987 and two morl! 19R7 launrhes 
generatl'll JR and 66 pit!l'e8 o( d1•hti~ r~,p11rtively in 19RR. 

I.• . 
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Table 1: 

C1u1e of break-up Deliberate 

A• ol 31 December 1988: 

Number of break-up, 34 

Number of lracment, 
- catalosued 2094 

- In orbit 737 

Al ol 31 December 1987: 

Number of break-up• 3& 

Number ol lracment, 
- catalo1ued 2421 

- In orbit 1130 

Propul1lon - Unknown 
related 

13 39 

1791 2078 
945 1141 

13 30 

1848 2839 
867 1003 
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Total 

80 

59113 
2823 

87 

8908 
311110 

Many exploelon1 or break-up, have to be Uated under unknown cau1e1 becauM of Acarcity 
ot ob1ervatlon1 and the inherent difficulty in recon1tructln1 an event which happ11ned far out 
In outer apace. One example when the cauM of a brtiak-up wu ldentlfted 11 the cue of the 
Delta eecond 1tage. It appe111 that In a apeciftc orbit, aolar hntlng cau ... the degradation of 
the common bulkhead between the fuel and the o,udlzer. The remnant■ of the two chemical■ 
explode on contact. When the cauH wu recognized, depletion burn• were iDltalled (M) and 
,lace that time no Delta rocket exploded. 

Table 2, taken from {9), Uat, the ten break-up■ and e~l01ion1 which produced the lar,ie1t 
numbere of debri1. It glvee the data u of 1987. Object■ luger than 10 cm have boen detectl!d 
by tracking while the numben of object ■ larger than I mm are e1timate■. 

3.& Impact of debri■: decay and fall 

Due to the braking eff'ect of atmo,pheric guee, 1pace object• 1piral down Into the denser layere 
of the atmosphere where the drag ia more powerful and the 1piralllng aceelerated. Thl1 11 
llluatrated in Table 3, bued on data in (23): 

For time 1pan1 aborter than thfl period of solar activity ( l l years) the tlmn may vary 
according to the actual degrl!t' of solar activity. E.g., the Skylab l rocket, 197-0278, which wu 
observed many time, before its decay on 11 January 197~ (241, i.,., at a time or• minimum o( 

11olar activity, needed for ita descent the time■ ,hown in the bottom part of Table 3. It 1hould 
be nott-d that Table 3 refer■ to 1atf'Wte1 of an aver9«1 desl«n. Heavy And compact 11teUite■ 
descend more •lowly, whert-u very light objec:t11, 1uch u lnftated balloons, •l••kcend mor11 rapidly. 

I • •• 
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Table 2: Th• ten worat upper •tac• and ,ateWte break-up, u of 1087 

Break-up Number of object, 
Datt Object, altitude Lar111er tban 10 cm Lar1•r tban l cm 

km inltl&llv In orbit lnhl&llv In orbit 
u .10.e11 Titan 3C-4 730 467 88 1090 308 
13.11.88 Arlan• 3rd 1ta«• 820 4611 482 2330 2104 
17,10.70 Thor- Agena-D 1078 348 294 1872 11138 
24,07.81 Coemoe 12711 977 281 278 12110 1041 
211.0Ul Abl•ta.r rocket 9110 271 209 me 809 
04.10,80 Thor-A1•na-D 919 284 140 1112 734 
13,09.811 Solwlnd 1130 2111 194 - -
211.07.78 Coemoe 844 209 248 0 478 0 
22.011.711 Delta 2nd ataa• 7211 227 94 11120 381 
19.08.78 Delta 2nd ,tan 751 201 1111 1120 3711 

Table 3: 

To deacend rrom to altitude a aateWt• In a 
an altitude of of circular orbit• take, 

l000 km 900km 1200 yean 
900 km 800 km 540 year, 
800 km 700 km 270 ye111 
700 km 600 km 811 Ytlll 
600 km 500 km 14 year• 
500 km 400km 0 ye111 
400 km 300 km 5US day1 
300 km 200km 114 day1 
200 km 0km 4 day1 

When a apace object in a circular orbit get, down to about 150 km altitude, it heat, up by 
friction with the atm01phere and eventually moat of its mu, evaporattt. Only compact part• 
may 1urvlve thla phue and impact on the ground or into the ocean, The proc- 11 conalderably 
more complicated ror highly elUptlcal orbit,. Their perigee, are looalng altitude only •lowly 
and may even dip into altltudea which are fatal for circular orblt1, to be lirted by h1nl1olar 
perturbation, and prtterved in orbit for several morl! year,. E.g., Molnlya 28, 1972-037A, had 
It, perigee u low u 113 km in November 1973, but con&rary to expectation did not decay. The 
perigee altitude then lncreued and reached 420 km lo September 1975. After a new decline of 
the perigee altitude, the decay nune in March 1977 [2:JJ, aa shown in Figure e. 

The number or dt•cayinK objecu is fair ly lar111e, about 500 per yea,, Mo■t of the decaying 
object,, however, eit her evaporate In the atmosphere or their impact on the ground goe1 un• 
noticf!d. Althou111h Stall•A .ue oblil(ed to announce to the United Nat lone ,pace object, or their 
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part• round on their territorlea with a view to return them to the launchln1 ■tate1 , In the courM 
or 18 year,, from 1968-1985, only 17 announcement• have bNn received by the United Nationa. 

Among the object, who1e fall received wide publicity wu Co1m01 954 which had a nuclear 
power aource on board and dlerupted over northern Canada2• Another rather famoua cue 
wu the fall of Skyl~b l, 1973-027A, an object of 75 ton, which di1integrated on 11 July 1979 
over aouth-weat \uatralia. Still another cue with a nuclear power aource on board were two 
fragment, of C01mo1 1402, 1982-084A &nd C. 

It ia very difficult to predict the time and place of a deca:•lng object with 1ufflclent accuracy. 
The moat critical factor i1 the 1olar activity (1M Section 3.'l j ~hkh cannot be pNtd.lcted reliably. 
In addition, the atmospheric drag depend• not onJy on the den1ily of the atmoephere but alto 
on the 1hape and compactnea, of the apace object, Both may chance in the lut pbuea of 
orbital life becau,e of thermal etrect1 and p011ible 101111 of protruding part, ■uch u antenna, or 
solar panels. Important is also the attitude or tumbling motion of the object. Moat 1peciali1t1 
agree that prediction, made under favourable condition■ are accurate to about l0CJli of remaining 

1 "ccording lo lh• "arttm•nl on lhe RNCu• ol A11ronau11, lh• ruurn of Mlrouu&1 ud 1•• r,uun ul obJ«U 
launch..! inlo ou&er 1p&ce. 

' Th• il•m "UM .,r nuclear power aourcfl i1 ouler 1p&c•" includin11 lhfir d•bril, ill 011 &he 111•11da of th• 
Com1n1Uff on lh• Puc,ful Ulfl uf Ou&•r Spac, and of holh ill '-ub t:<1m1n1IIHe. CollMolUHlly, ill oubJttl 
maU•r hu no, b••n •labural.J in 1h11 11udJ. • 
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lifetime. Thu■ the prediction of the lul orbh, or 40000 km ou lhe ground, cannot b11mad111ooner 
than l& houra before lmpad, and only In the lut 22 minute• can the impact point be predicted 
within a ■trip 1000 km long. Al a time when the continent or country of impact becomea 
known with 1om1 degree of certainty, there 11 hardly any t ime left to pubU1b and dl11eminate a 
meaningful announcement. 

3.8 Impact or debri1: colli1lon1 

A colll1lon of object, in outer ■ pace ueed to be con1idered highly unlikely, If not impoa,lble, 
becauae of the 11normou1 exp1.nae of ,pace and the relatively email uumber of ■pace objects. Bu t 
apace actlvltie■ are entering now their fourth decade and number■ of apace object, are increulng 
fut . Conaequontly, the danger of colU1ion1 b11tween 1pac11 object, bu to he evaluated . 

Several author■ ha.v11 det11rmin11d collision probabiUtie1 in apace. In the flrat approximation 
the problem can be 1olved by method• developed in the kinetic tboory of gue■ for colliaion• of 
molecule1. Th• coll11lun probability I• proportional to tb11 relative velocity of the two ohjec:h, to 
their eiHa and, what i1 moat important, to the number of object, per unit volume of Bpacfl, i.e. 
to the den,lty of apace object,. The relevant formula contain• the aqua.re of the density. Thu• 
an lncreue in the number of space dl!bria by &% ralaH the coll11ion probability by 10% aud an 
lncreue by 4091> double• the collision probabilit y. 

Table 4 gives values for the altitude range 300· 700 km which iB important for man ned dpMe 
mission,, although the highest collision probabilltiea uccur higher, between 800- IO00 km. In ­
stead of prohabiiiliea, the Table give, a more iUustrativ11 parameter, the average time betwPen 
collisions. It ia bMl'd, for the yet.r 1984 and for trackable debria, 011 a diagram reproduced in 
[14). Other data are euily deduced. The first line for ea.eh year refer, to trackable debris only. 
Theae are the values which can be detMmiued from observation,. It ia, however, the Sl!cond 
line for uach year tha.t givea a reaJiatic picture of the coWeioo d&nger because it refeu also to 
an eatimattid number or non - trackable objects. Actual numbera or trackable ,pa.cc objects artt 
given for 1984 and 1988. It waa u1umed that their increaae until 2000 will not be futer than 
at pre1ent. 

Table 4: 

Number of debris Average time between collisions 
Yet.r Trackable Non- Space Shuttle Space Station 

trackable diameter 100 m 
19!!-I 5000 0 :JO00 J00ll0 years 100 - 1000 Yfl!UN 

5000 ·10000 50 50•J year■ 'l - 15 yl'arS 
1911M i000 0 1500 - 15000 years 50 - 500 Yf'l\r8 

i000 56000 2& 250 yean l -· FI years 
2000 10000 0 750 - 7500 year, 25 - 250 years 

10000 110000 12 - 125 year■ 0.& - 4 Y"'an 

Table -I shows clearly the dependence of collision probabilitiea on the numb11r of dehriB iLll<I 

on the ~it\' of the tar!(l't. Evidently, collision danger is inc"aaing and will incr111111P. in th1• futurr 
t'Vl!n if thr h•vl'I of spacl' ar tivitiea re1111uns approximately th•• aan,.-. 
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In reall,y, coW■lon probabWtle1 may be con1lderably larger and the tim111 betwNn coW1lon1 
Rhorter tha.n thoH 1hown In Table 4, The reuon 11 that ■pace object, do not move quit• u 
randomly u mol11cul111 In a 1u do but &rt aubjed to 1y1tematit ud periodic motjon1 foUowln1 
from lawa of cele1tirJ mechanlc1. A cloud of debrla gererated by an exploaion expand,, uaumea 
an elUpaoldal ■hape, later form• a toru1 around the Earth and finally di1perae1 into the 1eneral 
background or debrla. The orbha or Individual plecea are ,hown in Figure 7 for 100 lar,t«'lt 
fra«m•M• or the Ariane V 16 exploaion (91, The denaity in th.i cloud ia very hi11h immediately 
after exploalon. The expansion of the cloud i• not uniform. Twice durln1 each revolution the 
cloud contract• into a ,mall area (1M f'lg, 7, top right), a "pinch point" or a high apatial denaity. 
The colUalon proba.biUty In the vicinity of the pinch point, i, much hl1h•r tha.n it• average value 
1211). The R&teWte SPOT I, 1986- 019A, placed into orbit by Ariane V 16, i1 doae to the orbit 
of the cloud. A. Ducrocq 126) euimated tha, SPOT l had • cha.nge of 7 In 10 in 1urvivin1 until 
autumn 1987, which it did, and a chance or l in 2 lo 1urvive until 1989. Both chance, are weU 
below the average. 

Another point to keep in mind when exa.mining Table 4 i1 that th11 number of debria ia 
lncreulng at all tlmea becauae new debrl1 ia generated in &ny colli1ion of two objec:ta. According 
to 1<1111ler 118) a typical coW1ioo between a.n old rocket body or payload and a ,mall fragment 
larger th&n 4 cm could produce 10000 particl111 larl(er than 1 cm and over I million pa.rticlee 
la.r11er tha.n l mm. Conaequently, coW■ion prob».bilities will increue in the future even if not a 
single apace object is launched &ny more, 

The &verage velocity betWl'tlll a piece of debris ud the Larp;el i1 of the order of 10 km/1. At 
this speed, the Impact of even a very small object may cau1e conalderable dama«e to &n activ11 
satPllite. Computations and experiment, ahow 127) lh&t the small impacting object will melt or 
evapor&te and form a number or ,mall high velocity fragment,. The large object will dnelop a 
crater or a hole and may break up even outside the area. of impact. The mu1 ejected from the 
large object will be more th&n 100 timee larger tha.n the mu, of the ,mall object, A metallic 
sphere of 1 cm dia.meter and mu1 of 4 g will eject from a satellite over 400 g or material. Suc:h 
an Impact could be f&t&l for a.ny satellite. 

Some collision• may have already happened. Among the ca.ndldate1 i1 GEOS 2, 197fl-071A, 
which developed a. fault 128) three daya after it became fully operational. The ■upply of electrir 
energy became Irregular. It was attributed to a mech&nicaJ damage suffered by a Mt'ction of a 
solar array panel. Another cue wu Cosmos 9M, 1977-090A, which lost preHurization 011 6 
January 1978, sta.rted to tumble and rapidly decayed. The opinion wu PXpreHed by L. S(l(lov 
129] that the satellite collided in flight with some other object of natural or artificial origin. The 
bt'st candidate for a collision is Cosmos 1275, 1981 -05JA, which broke up uven Wt'tlks after 
launch at an altitude cloat lo 1000 km. D.S. McKnight !:JO] pr..-ented several indict.lion■ that 
th4' brnak - up wa11 the coMequence or a hypervt•locily collision. The brt!11ok -11p or Pa,;eoa, 1966-
U56A, which wu in an almost polar orbit al &n aver&f(e a.ltilude of 4200 km, belong, al10 on 
this Ust. It generated fragments on two occuions without a plausible PXplanalion evt'r having 
been proposed. 

A very ~pt'cia.l cue is the geoatationary orbit. As wu ~hown in Section 3.3, our knowledge 
of thl' numbPrs of debris b1•low I m is inconclusive. If collision probabiUtifls are romputt d 
Crom the numbers of trackable objects, the average lime betw"4!n collision, ia of the ord,r of 
r,oo yrara [31. 321, This is an avera,;e value and the tl11.11ger of collision may br much higher 
in trowded parts or tht! orbit. The collision dan,;er with its possiblt! d&mllfle to an expensive 
active satellite is bei11,; taken Hriously by a,:enciea op@ratin,: 11eostatlonary aateWtt!I. On 10,nfl 
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,..,.d i1 t1ly 1f t tr up loston l 11011 t.h1 after uplta1on 

4 yt ar·, .tt,,. u pl otion 

r;,v,. 7: Ewolutioa uf lht •patial di1ltibulioa of ,rplmion fr4'mr1111 . Cnmpull'r "mulalion of 100 latKtWI 
rr-,m.a&I of Arillllf' VlfJ f'lepl<lllion {II/ 
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occulon■ evu1ve maHuvera have been performed to prevent dou encounter■ or colll1lon (33). 
Relative velocltle■ between object• In the geo,ta.tlon&ry orbit are much 1mt.ller tha.n In low 
earth orbit■ . Nev11rthel1111, they are between ll00-1000 km/h, more than enou111h for deatruction 
or 1e1vere Jam~•· 

The rl1k of collialon with active 1p1m,cra.ft in th .. geo1tationary orbit and block&,i:e of b .. am• 
of operational aatellitea due to the pre■ence of uncontrolled man ·· mad .. objecu wu diacuAKPd 
a.t the WARC -·ORD 1911!1 [34j. The Co11fer11nce rt•Molved to ur,~e th1> CCIR (Comite Co111rnltalif 
lnternl\llon&I de Radiocommunlraliona) to tfpvelop for the st•cond 1e11ion of the Conference, lo 
be held In 1988, a helter understanding of thia interference, in pa.rticular, to idt111ti{y r11levant 
factou, to nvaluate future ri1k1 and to rMommend a. 1olution of thu problem ahould the wtudy 
re1uh1 juatlfy further action. 

3.T Po11ible preventive meaaurfll 

Little can be done about lnactivf' object• and debria whkh are already In orbit. Man -made 
deaning action, are bPyond th@ capabilitiea of present tPchnology. The only natural cleaning 
effect, the atmoapherlc drag e11h11,nced by solar activity, cannot cope with .ul debris p;t'nerated 
in the couue of apace oper&tiona and i1 inefficient at altitude, above a few hun<lred kilometera . 
Many 1clontl1t1 (see individual papen in 141, 16], 17)) hav,i propoaed prnventive n&l'111ure1 and 
1ome of these have bl'tln a.doptcd by some launching St&tl!1 or ageuciea. There is, howev1•r, nl'itlu!r 
an internatioua.l agre1ime11t, nor univt>rso.l application, nor recommt•nda.tion of such mei\llureoK. 

An improved dl'ijip;n of rockets and 111.tellitea could reault in l(eneratin,: 1maller numht'ra of 
minion- related debri, durinp; the launchin11t and operation phuea. In particular, the avoidance 
of intentionll.l, and prevention of accid,mtll.i explosions woul<I cul the numbt'r of debris in half. 

A systematic pla.nning and speed in,: up of the dt>cay oC non- functional objects and of payload a 
after the termination of their active function,, if univeual.ly applied, would remow Home :/0% 
of inactivt> 1pac11 objecta. The decay rould be speeded up by drag augmentation, l! .g., throu~h 
the use of b&lloon, that would inflate at the end of active lif1•, or, abovl' 700 km altitude>, by 
lowtoring the perigee tlirou11th a propulsion burn [35j. 

At high orbitl, where an intended decay into th1• dense ll\yers of tl11_. atmosphere would requirl' 
prohibitive amountl of fuel, inactive KateWtea can be rl'moved into di1po1al orbits at altitudf'H 
not used for active miHion1. This solution hu be.-n elfectivl'I)' used for several 1atf'llite1 in thtt 
gN>atationiuy orbit. Such remova.11 wt>rl' first perforuwd by lntl'lsat in 1977 and latPr by other 
launching State• and ap;enciea. 

Another International provision or rl'cornmendation hu bt!f!n advocated fr41que11tly: Out1•r 
apace should be u1ed for useful miHiona in th@ 1pirit of the Out@r Spac:e Treaty, not for u1@ll'MI 
ml11ion1, e,llt, tho1@ comoiemoratlnp; an l!Vl'nt or an achievttm,nt. Monumenta, according to thl' 
advocatl'I of thl1 provision, should bt' built 011 Earth, not in sparl' where they could h.-mn11• 
threats to future peact>ful 1pac11 operations. 

Still a11othl'r idl'a r.Jls for a partial tra.lllc sPparation l,y rt'""rvinl( cerla.in intctrnatiunally 
ap;rt'l'd lanes or altitudes for •p••cific pt>an•ful applirations and for activr ~atPllitPM, 

Sorntt ~cientists point out thl' fal't that publicly availabh• information un spa.ft• ohj,•rtH, al ­
thou~h vrry valual,li•. prrmit, to rnmput•• for rad, spM·r oh.1••rt only thr• l(•'nf'r;J ar,•11. wh••r•• it 
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mov11, no, 1,1 ln1,an,aneou1 po1ltion. 'fh• lattt•r 11 quite Important, •·lh (or avoiding cloH en• 
1:ounter■ or colll1lon1 durln1 the launching phut!I o( manned and other 1en1ltlve mi11lon1. Thu, 
a more comprehen1lv1 and tlm•ly flow of information on orhi&i\l and other data of all trackahle 
, 1,ace objech 11 advocated. 

4 Dust ln Near Earth Space 

In addition to m11l· made debri1 In wpace there i1 al10 an extraterre■trlal particl• population, 
tbt me,eorold1, whon origin include com1t1, uterold1, the moon, ud po11lbly an i11ter1t11llar 
c:omponent acquired when our solar 1y1tem In ih revolution around the galactic renter 1wPepN 
through the lnter11t11Uar medium. 

Extrat11rr111trlal "debri1" (meteoroid•) ranges in siH from macromolecul" to kilometl!r • 
. objects, with mu1e1 from 10 - 1111 to 101ng; the la.rger onea however, being extremely rare . Th.­
mu, den1ity of 1m&ll P.Xtratcrrestrial ''debris" i• typically between 0./l- 2g/cm 1. ~iJ,!nifirn,ntly 
lower than man-made debria. 

Decau1e of their complex orbit• meteoroid, are encountering ear,h orbitlnK object, from 
random direction• with velocitie, in the ranl(e from 12 to 72 km/a, meteoroid, ori~lnatinK in 
come\■ 1tay In the viciruty of their p&rent bodlea, producing the well known metl!Or -1howP.r1 
when ,he earth croHl!I their orbital plane. The total influx of extraterreRtrlal dust piutidPft on 
the f'arth 11 e■timatl!d to be about 4000 tona per yP.ar. 

The cumulative Hux of co5mic partldea (mkrometf'Oroida) In near earth Apacl! 11 a.lrMdy quitP 
w,U known from a number in aitu e,cperiment1 on spac11craft, indudin,i Skylab, thl! Sp1\l'(I Shuttle 
M wPU u from re<'overed pull or the Solar Ma.x sa.tt:tllitl!. Duttd on th1!91! d&ia the rumulative 
flux on 1 "spinning plate" ne&r earth hu bf'l'n ca.lculated 1361; the mu1 distrib11tio11 of the8f' 
particl" hu a maximum in the mkrogram range ( 10-8 ). The ftux of extratl!rrutrial pa.rtid,!s 
and man made ,pace debris encountNetl by a spM:ecraft in low earth orbit (LEO) :111 wl'U ""'th11 
expected Impact crater size ia shown in Fig. I!. An impact velocity of 8 km/• is representativl! for 
man made debri1, 20 km/a for 11xtratl!rrestria.l pa,tideA. It i ■ quill! obvious that in th11 pirn,:ram 
( io-•g) mu• range man- made debris predominateM, whereaa in the micro1vam (I0 - "11:) ran,:" 
both ftuxu an comparable. However, for much llHll;l'r ma11&es and ,izeA man ·ma,le dt•bris Ruxe1 
predominate over natural particll! RuxH. This i1 also apparent from Fi,:. 9 whkh show• the 
npected impactl per year for a croH section.~ area o( I m1; for particltt siiP~ ,crratrr than I 
mm man··made debria becoml!s the dominant c"use of irnp11cu 1371, 

5 Chemical Pollution by Space Activities 

5.1 Introduction 

Sine• th• beginning of the 9pacl! aic•. the scientilir rnmmunity, throu,ch th .. lnt•rnationa.1 < '01111dl 
of Sd•ntil\c l'niona (lt'Sli) haa voiro•d ronn•rn that larl(I' rurk•t• uwed for the launl'hin,: or 
satellitH and apacl! probes would introduct' into thl' atmospht're and nru .. rarth spi1rr 111:tttrr 
thl\t rnuld possibly hav,• ad\'t•rse atfi•rt~ not onl .\' nn ~•·11•ntifir observl\lions, but may ,u~n rhattl(•• 
th•• 11;,t11r;J slat•• 11£ ,,,u ••11v1ro11111••11t l'w••nty tiw ~••ar, ;11(0 l'OSPAlt (ommi~,sionr,I tl11! lir , t 



_, l>UST IN NEAR EARTH SPACE 

i 
J 
.! 

1 
l 
l 
I 
J 

Al AC, 105/U0 
l n9lllh 
Pa9e 21 

fifuff 8: Flux of 1111,a&e,,-&rial and ,pac«ra/1 d1bri1 par&icl• in low Earth orbil. 

,~ • , .. - - l - - a __ 

~"I(" ..,..., CO'•"' .. ,"" 
·- .. .J ·-·· __ -..J. _ _ - . J. __ _ - - .J 

, ... ~ 1,:"' "'"' ,,,. 

PAlttlC'Lt IJIAMf.tU 

r,,-uff 9 ,"iurnhflr of ,m,.art~ pflr 111 1 11ml y,•ar of t'Xlrnl t-tr"11111al par11d,- and man mad,. 1lflht11 u 
fut1rl1on of lhf',r ,l111n1r1rr 

I,•• 



AIAC,101/UO 
ID911 ■b 

••9• U 

5 CHEMICAL POLLUTION BY SPACE ACTIVITIE~ 

Atudy devoted to aa u1e11mtnt of pottntlal pollution or the upper ~tmoephvre by rocket• (38). 
The conch11lon ot thl• 1t11dy wu, that (a never rullaed) launch rate of 103 &o 101 Saturn type 
rocket• (then the lua•t launch vehicle) per year would be required to drutlcally change the 
Mmo1pherlc content of Important con1tltutntl 1uch u COa, HaO and NO and that chemical 
releue experiment• would be capable or changing 1lgnlflcantly the coo tent of 1uch trace element• 
u 1odlum (Na) and Lithium (LI). 

Four year• aco a new u1t111ment 1tudy of chemical pollution by apace actlvitie1 wu per• 
formed for COPUOS by COSPAR [39); the preaent Hction repre11nt1 a 1ummuy and update 
of Ila conch.,lona. 

In evaluating the poa1ible eff'ect of chemical pollution of the atmoaphere by apace actlvitl11, 
comparl1on1 of Injected mu111 to tho11 present in the natural environment mu1t be made. We 
therefore 1hall dlacu11 briefly the pertinent propertlea of the natural environment. 

5,2 Earth'• atmo1phere 

The atmo1phere 11 generally divided Into dlff'erent region• on the bul1 of lta temperature 1truc­
ture ( Fl1, 10). 

The lowermoat part where the temperature decreuea with height due to large- 1cale convec• 
tlon of air rHultlng from our weather proce11e1 ·11 called the lroporphe,.., Above it• boundary, 
th• tropopau1t1, the temperature lncreue1 again duo to the abaorption of 1olar ultraviolet radi­
ation by the trace con1tituent ozone ( 0 3) which a.180 protect, life on Earth from thl1 harmful 
radiation. This region la called the ,cralosphen. Above the 1tratopau1e, there ia a region of 
decr.-asing temperature, the mesmpht>nt, beyond which the gu temperature rises again u the 
r1>ault of atmoapheric absorption of the shortest w&velength (extreme ultraviolet) solar radia­
tion. This re~ion is called the thermosphen for thl' neutral gaa, but since here the atmosphere 
becomes increuln~ly ionized (conaiatinfll ofelectrically charged partlclea, i.e. electron, and ions), 
this region ia a.lao known aa the ionmpher.. The "sphere of influence" of the Earth'■ magnetic 
field, on chargt•d particles, extending far beyond the ionosphere, ia known u the magneloaphen. 

Up to abou\ 100 km In &ltitude, the atmosphere is thoroughly mixed (homosphl!re), above 
the homopaun, In the helerosphere the lighter f(Ues begin to dominate over the heavier ones 
so that the atmoapheric composition changes from molecular to atmospheric species (O,He, H). 
Table 6 show, the atmospheric composition in the mixed r,gions (homosphere). 

The atmo,phere ia in hydrostatic 1Jquilibrium, i.e .. , the atmospheric pre11ure and density 
decreiwie exponentially with &ltltude in Kuch a. way that, at leut in th11 lower atmosphere, the 
presaurl' decrcuea every 10 km to about one third. of ita precedi11111 viuue. At greater altitudes, 
In the ionosphere, thl' atmosphere ia already very tenuous so that atmospheric p&rtlc:1111 may 
trawl many kilomet.-ra beforl' oncountNing a collision with a p.utner (i.e., the mean frff path 
b1>comea very lartee). 

The total mus of the atmosphere which depend, on the 1urface pretaure, the arceleration of 
p;ravity l\nd the surface area of the Earth arnounta to 6 >< 1ou 10111. Because or the exponentially 
decreaain111 prl'HUtl', morl' than 90% ol this ma.ss reKidl'A in tlw tropoKpherl', and lt•ss than I% 
a.hove the stra.tosphere. 

I• • • 
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5 CHEMICAL POLLUTION BY SPACE ACTIVITIES 

Table 5: Atm01pherlc Cuu1po11Uon 

Malo cona&ltuentl~ 
Moltor ( or volume) 
fraction 

Na 0.7809 
02 0.2095 
Ar 0.0093 
CO2 0.00034 

Minor Co111tiluent1 
Non variable Concentration• Variable Typical Concentration• 
Ne 18 ppm (In volume) 0:, Up to 10 ppm In atratoaphere 
He & ppm 6-50 ppb (unpolluttd air) 
Kr l ppm Up to 500ppb In polluted air at ground 
Xe 0.09 ppm H2S 0,2 ppb (over lud) 
CH• l.5ppm SO2 0.2 pph (over lud) 
co 0.1 ppm NH:, 8 ppb ( over land) 
H2 0.5 ppm NO2 l ppb (over lud) 
N2O 0.2& ppm 100 pph In polluted air 

CH20 0-10 ooh 

a.a Chemical effluent■ by rocket engine• 

A rocket engine lujecta exhauat material Into the atmoaphere throu1hout lta burn. We aha.11 now 
conalder the e1Fect1 of &dd1n1 1uch exhau1t mt.teriala to the atmoephere u a whole. Gueou1 
pollutant, u1u.Uy become thoroughly mJ.xed with the ambient medlum; uroaola (partlculatet) 
have t. relt.tlve abort lifetime In the tropoaphere but can per1i1t for 11veral yeara In the upper 
reglona. or partlculu lntereat la the addition of those tra.c:e conatltuenta that play a major role 
in the atmoaphere 1.11d blo1phere (401, 

Becauae of the ready ava.llabllity of data on the exhauat product, or the U.S. Space Shuttle 
(41), we 1h.U conaider thl, launch ayatem u reprul!otatlve of large booater1. For our diacuHion, 
the efF4!Ctl of pollution by latge rocket, aha.11 therefore be treated In term• of "Shuttle equlv&­
lenta" . (The nowly developed Energia launch veblcle of the USSR may exceed the propellant 
power of the ahuttle, but othera like the Prolon booaters lie below,) During lta ucent through 
the atmo1phere the Shuttle burn• about 1011 kg of aolid propellant In two booetera and approx. 
7 ,c l0akg hydrosen/ oxygen In the main engine. The largest amount of matter releued in orbit 
con,iat, of 142 kg water per day produced by the fuel cell 1y1tem. A Jetalled breakdown of 
releued material in specific altitude region• ia given In Table 6. 

One of the major exhauat product, i, CO2 that la alao preaent In the atmoaphere u trace 

18 10 ii a variable con1lilue■, of ~ 0.01 . 
• ,, .. - 10-• 
1ppb • 10-1 
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Table 8: Exhau1t Effluent• ol the Space Shuttle 

Single Ml11lon 
Atmo1pherlc Layer Altitude Ruge Combu1tlon Quantity t:mlUed l Kllottram1) 

Product Solid Rocket Motor. Orbiter 
Surface Boundary 0- 500 m co 37 200 
Layer co, 8800 

HCI 31 900 
Cli 91.6 
Al,O:, 43 300 
H10 16 870 19 520 

Ttop01pbere 0.5- 10 krn co 113 100 
co, 20 100 
HCI 96 900 
Cl, 278 
Al103 131 600 
H10 48 200 82 200 

Stratoephere 10-- 50 km co 115 100 
CO2 20 440 
HCI 98 800 
Cl, 284 
Ala0J 134 100 
HaO 49 900 Ill, 000 

Lower Me101phere 50- 67 km co 0 
C02 0 
HCI 0 
Cl2 0 
AIJO3 0 
HaO 0 49 000 

Mes01phere 67 km - oo H10 0 
Therm01phere above 402 500 

con1tltuent with an abundance of 340 ppm (•• Table 5). C02 11 of 1pedal Importance to the 
world'• ell.mate, 1ince It play, a major role In the "greenhou• eff'ect" , I.e., It 11 tranaparent to 
vl1lble 10lar radiation, while blocking outgoing terrettrlal infrared radiation, thua lncreulng the 
earth'• aurf&ce temperature. 

It 11 now recognized that the C02 content ol our atmoaphere hu been lncreuing over tha 
put century, primarily due to the burn.Ing of foeail luel1. The amount ol C02 r11leued from 
foaail fuel burning between 1959 and 1980 hu been estimated to be about 8 >< 1013kg, which 
corresponds to 4 >< 1012kg/ year on average in thl1 period. A doubling ol the preaent C02 
content of the atmosphere is con1idered to reault in an increue of the globally averaced 1urface 
temperature by 2 to a•K. With continuing yearly releaae rates ol the above magnitude, 1uch a 
doubling 11 expected to occur in the next century, 

Let u, now eatlmate the contribution of large 1cale launch actlvlt lea to the lncreue ol at• 
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5 CHEMICAL POLLUTION BY SPACE ACTIVITIES 

moapherlc CO2. A alnll• "Shuttle launch" produc11 at moat 3 ,c 101 kg of CO2 (all aourc• 
conaldered) . A11umlng a launch rate of 100/yiar or two launch• per WNk, In a moat optlmlatlc 
1c11narlo Involving the development or the U.S. Space Station u will u frequent large launch11 
by the USSR, the y11arly lnj1ctlon rat, or CO, du, to launch acUvltl• ii about 3 ,c 107k1 or 
10-1 of the ynrly lnj11ctlon rat, from (011l1 fuel burnlng. Tb• prea1nt mua of COa In th• at• 
moaphere i• about 3 ,c 1015kg. (Although the pr•ent worldwide launch rate amount, to about 
100 launche1 per year, moat of them employ rocket• with le11 propellant power and exhauat 
productl th,ui the Shuttle acenarlo conaldered above.) 

Another exhau1t effluent that may be or 1om• concern In term• or environmental eff'ecta ia 
hydrochloric acid (HCI) which, Injected Into the 1trat01ph•r•, may provide frN chlorine (Cl) 
that hu been Identified, together with nitric oxlde (NO) u a major catalytic reactan~ In the 
removal of ozone (03). 

The ma.jor atratoapherlc aource or chlorine 11 the dl11oclatlon of r.hloroftuorocarbona (CFC) 
1uch u CFC~ (F- 11) and CF2Cl2 (F-12) releued Into the atmoaphere by mu. Over the 
lut 10 y11&r1, about 8 ,c 101kg of F- 11 and F- 12 were produced world-wide per year wblch 
were, or potentl&lly will be, releued Into the atmoaphere. (They are now a1ao Implicated u a 
contributing c•uae of the 1euonal ant&rctlc ozone hole.) Comparing tbJa amount with the releue 
of 101kg HCl/year from 100 "Shuttle launchea", it la obvloua that even for auch a 1cenarlo, 
launch activltlea would provide only about 1% of the total anthropogenic Input of chlorine into 
the atratosphcm,. (HCI u auch doea not interact with 0 3 but 11 a "re■ervolr" or Cl). 

The second catalytic react&nt In the ozone removal proce11, oltrlc oxide, ia produced in the 
ahock- heated entry wake of the Shuttle where atmoapheric nitrogen and oxygen are converted 
Into NO. Even for 100 launcbea and entrie, a year, the ptoduction rate of NO la only about 10-3 

that of the natural production rate. 

From the foregoing di1cu11ion It 11 obvlou1, that the atmoapherlc Injection ratee of environ• 
mentally Important trace conatltuent1 for even "100 Shuttle - equivalent launche1" per year art 
negligibly small comp&red to natural or other anthropogenic 1ourcea. 

Releue of water In the lonoaphere can cauae a temporary and local depletion of lonlaatlon by 
a factor of 2, a 10-called iono1pherlc bole, becauae of chemical reaction• with the ambient iona. 
An extreme cue or auch an iono1pheric bole, covering an a.rea. of 1 million km2, wu observed 111 
ye&r1 ago during the exceptional cue of a Saturn V main~ngine burning in the altitude range 
between 200 - 400 km. Launch ay1tem1 with hydrogen/oxygen booatera (e.g., the Energia) 
producing u their main exhauat product, COa and HaO In the atratoaphere and H2O and H2 

in the me1oaphere can ailo produce noctilucent cloud, (eee Fig. 11) luting for aeveral houra, 
an otherwise' natural phenomenon having no environmental Impact. Recently, however, concern 
hu been voiced that ice cry1tal1 in theae clouda may affect rfHlotry procedur• or the Shuttle. 

&.4 Chemical gu releaae1 for 1cientiftc purpo■e• 

Chemical releuH, particularly of aodlum (Na), barium (Ba), atrontlum (Sr) and lithium (LI) 
have been made for the put two dec:adea to atudy wind, In the meaoaphere and therm01pher1 and 
electric fields in the ionosphere and magnetoapbere. Worldwide the total number of experimental 
gu releuea hu been le11 than 400, the total mu• of the releued material about ftve ton1. Moat 
of the individual releuea have bffn in the mua range rrom 10 to 60 kg a few have exceeded 
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100 kg. Barium releut1 uaually Include l to 29' 1&rontlum, Hveral Include aodium or Uthlum 
doping while Uth111m tralla 1ometlnie1 u Include 10dlum. 

Large mua releue experiment• ( > 100 kg) can allo be viewed u "active experiment, in 
apace" 1lnce the kinetic energy at orbital velocity 8 km/1 ror 100 kl of releue material can be 
u11d for the modlllcatlon and perturbation of a.tural 1y1tem1 u well u for large acale almulatlon 
experiment, (e.,. "artificial comet," ) u wu done In the AMPTE program In 1984/198& (42). 

Put chemlc&l releu11 In the altitude region from l&0 to 000 km (within the lonoaphere) with 
a total releued mua of several tona have 1hown no adver,ie affect, on the terreatrlal environment. 
The mt.x.lmum total mu, Injection by chemical releue e,:perlmeota, with the exception of barium 
and lithium, however, 11 only a minute fraction of the meteoritic mu, lnftux. 

No deleterlou1 effect, of chemical releuea are anticipated that all'ect utronomlcal obaerva• 
tlona. All lumlnoua experiment• create glow, which are tranalent In nature, luting at moat 
t1na of mlnut11 and In 10me cu• up to an hour or two. In the worat cue a chemical releue 
would oaly Interfere with utronomical obaervatlona if they were made In that particular area of 
the aky under clear-1ky condltlona. The preHndy projected chemical releue experlm1nt1, even 
with Injection ratN or aeveral ton1 per year , do not Him to cauM any algnlflcant environmental 
efl'ecta. 

a.a Environmental con■equence1 

In 1plt1 of many hundred, of rocket launchea ,Ince the advent of the apace aae, no concrete 
1vldenc1 hu been found to 1ugeat that rocket effluent, may be deleterloua \o our environment. 
The only observed eff'ect1 were in1tancea of local ion01pherlc d1plellon1 ("holea" ), luting Cor 
aeveral hour,, when rocket, burned within the lonoapheric F-reglon. Eltlmat• of p011ible envi­
ronmental conaequencea of a high global launch rate, exemplUled by 100 Space Shuttle launchea 
a year, or twice a week , allo indicate an und1tectabl1 addition of exhauat product, to our at• 
moapherti. Even environmentally important trace con1tltuent1, 111c:h u CO2 (reaponalble for the 
greenhou1e t11fect ) or chlorine (Cl ) and nitric oxide ( NO ), involved In the catalytic de1truc:tlon 
of ozone (03), would 1bow lncreuea completely negligible compared \o natural or other anthro­
pogenic: 1ource1: The addition of CO2 Crom 100 Shuttle launch• per year would amount to only 
10-• of the yearly Injection rate from the burning of foaail fuell. The releue of c:hJorine Into the 
atratoaphere from the hydrogen chloride (HCI) contained In the Shuttle propellant , amount• to 
lea, tha.n 19' ofthe a.othropogenlc: input from cblorolluorocubon1 (CFC), while the generation of 
nitric: ox.Ide (NO) during r.-.ntry amount, to about 0.1% of the natural production rate. Even If 
a highly op\lmlatic threefold global launch rate I• projected for the next century, environmental 
efl'ect1· would 8till remain negligible compa,ed to other antbrop~oJc: c:au1e1. 

Put a.nd projected chemical releuu for 1cleotiftc: purp01e1 ... m to pOH no environmental 
problem• at &I.I. 

I •• • 



,.,,.c.101,no 
l119U1h 
Pa91 H 

REFERENCES 

Reference, 

[l) P.D. Maley, Specular eat.Wt• rellexJon and the l9tlll March 19 optical outburat in Per1eu1. 
The A1trophy1. J. Vol. 317, L37, 1987. 

[2) M.M. Shara, M.D. Johnaton, Artllldal earth utellltea cr011ln1 the field of view, and collld­
ln1 with, orbiting apace tel11cop ... Publ. Aatron. Soc. Paciftc Vol. 98 (606), 814, 1086. 

(3) IAU lnrormatlon Bulletin No. !15, Flbruary 1986, p. 14. See alao van den Bergh, Century 
21: The 111• ohpace junk? Sky ud Teleacope, July 1987, p. 4. 

[4) 25th Plenary M11tlng or COSPAR, Gru, Auatrla, 1984, Work1bop on apace debri1. Ad ­
vuc11 lo Space Re1e&rch Vol. 5 (2), 198!1. 

211th Pl1111&ry Meeting or COSPAR, Toulouae, Ftt.nce, 1986, Work1hop on orbital debri1. 
Advaocea in Space Ruearch Vol. 6 (7), 1987. 

27\h Plenary Mating or COSPAR, Eapoo, Finland, 1988, Workabop on orbital debria. 
Advancu in Space R.Nearcb Vol. 7 (to be pubU1hed). 

(5) COSPAR lnforrnation Bulletin No. 101, 24, 1984, Perga'llon Pre11. 

(6) IAA Sympo1la on Space and Re1cue, held at IAF Congr11H1 1981-1988. Pror.eedlnga pub­
ll1hed In the Science and Technolao Seri• of the American A■tronautlcal Soc., publl1hed 
by Unlveh lnc., Sao Die110, California. Ed. G.W. Heath Vol. 64, 1979-1981; Vol. 58, 19R2-
l983: Vol. 64, 1984-198[:; Vol. 70, 1986-1987. 

(7) Proc-Uop of the 22nd, 25th, 27th, 29th, 30th Colloquium on the Law of Outer Space, 
AlAA 1980, 1983, 1986, 19811, 1988. 

(8) Re-entry of Space Debrie. ESA SP-246, European Space Agency, Parla, Fruce, 1986. 

(9) D. Rex, European invntigatlooa on apace debri,. Ref. 4, 1988. 

(10) International Colloquium on the Environmental A1pect1 of Activltie■ in Outer Space• State 
of the Law and Meuure■ for Protection. Held in Cologne, Fed. Rep, Germany, May 19118. 

(11) Space Debrl1, An AIAA Poeition Paper, July 1981, American lnatltute of Aeronautiu and 
A1trooautie1, New York, NV, USA. 

(12) Orbital Debri,. NASA Conference Puhl. 2360, NASA, 1985. 

(13) L. Parker Temple Ill, Department of Derenae Space Polley and the Development of a Cilob&I 
Policy for the Control of Space Debrie. k.ef. 6, Vol. 70, 269, 1988. 

(14) N.L. Johnaon, D.S. McKnight, Artificial Space Debri1. Orbit Book Company, Malabar, 
Florida, USA, 1987. 

[lll) Orbital Debris Monitor, a quarterly, Vol.1, 1988. Ed. D.S. McKni~M au<l 1 '.H. Hrtehln, 
Colorado Sprlng1, CO 80840-0136, USA. 

[1ft) Radio Rt-gulallona, Edition 1982, revi1ed 198!1, ITU, Geneva, Swltaerland. 

(171 SatelUle Situation Reporl, NASA, t:otldard Spat:e Flight Center, GrMnbtlt, Maryla1ul, 
USA, i111ued 4 timea a year. 

I' ' • 



AIAC,ltlll/00 
ln9lhh 
Page 29 

(18) D.J . Kenlcr, Orbhal debrl1 i11ue1. AJvancl!I in Space Ruearrh, Vol. 1'> (2), 3, 1981'>. 

I 19) I .. 1'11r11k, A note on Lho detay o( Lrackable 1pace debrl1. R.e(. 6, Vol.70, 46, 1988, 

(20) (, .G. Taff eL al., Low &ltitudt, one centimehir, apace debri• H&rch at the Lincoln Labo­
ratory'• (MIT) Exporlmental T11t Sy■tem. AdvMce■ in Space R.eMarch , Vol. 6 (2), 36, 
19115. 

[21) T. Gtihrels, F. Vlla11. A CCD 1earc.h for geoHynchronou1 dehrl1. lcaru1 Vol. 118 (3), 412, 101!11. 

[22) Ref. 1-1, p. -1 

[23) O.C.,. King-Hele: Methods for predictinl( 3&Lellite orbital lifotimN. Royal Aircraft E:1tabli1h• 
ment, (•'aruborough, Hanh, U.K., 'li!<"hnical ReporL 77111, 1977. 

['24) D.G KlnK• llrle, Skylali 1 Rockt>L ( 1973,278 ): Orbit determiutlon and analy1i1. Phi1010ph. 
Triuu. lluy. Soc. Lo11<1on Vol. 296 , (1426), 1'>97, 191!0. 

[211) V.A. Chobotov, Dynamic• of orbitinl( Jebri1 cloud, and the ri,aulting colli,ion huard to 
span!rraft. Ref. 6, Vol. 70, 223, l!J!!M. 

[26) A. Durrorq, Survi" Lo SPOT U cha.11rn1 Kur 10. Air et ('011m01, 13 December 1986, p. 37. 

[27I l).J ""-~ll•r. n.G. Cnur-l'a.lal■: ('ollision er .. ,lUl'nry or artificial aatellitH: The crt,atlon or 
a 1M,ri1 h<'lt. J. of (;oophy■. lleal'urh Vol 1!3 ( A6), 2637, 197H. 

(28) G. Wrnnn, GF2OS 2 in Hpal'e colliHion'! Nature Vol. 274,631, 17 AuKUftt 1!)7H. 

[WI I.. Sedov, q11ot1!d in Sp,m•flight Vol. 20. I j4, 5 May l97tl. 

[JO) I) S.Mck:11i11tht, Dt>tN111i11in11t the cause of a satellite fra,;menLatiou: A rlllle bLudy of the 
C'ux11111s l2i5 bn•nkup. llt•f. 6, Vol. 70, :N:I. 19111!. 

[31 J L. Perek, PhyRlca, uses and re11tulation of thl' geostationary orbit. Proceeding■ 'l0th Collo• 
q11i11m on the l.aw of Outtir Span•, AIAA l!>?lt 

[:12) M. llechler, J.C. van der Ila, The i,robaliility of colliAion, on the gt01tationary rln11t, ESA 
Journal Vol. 4, '.!27, 1980. 

IJ3J M.G. Wolfe, V.A. Chobotov, F.E. HunJ. Man-madl• Rpace debri1: lmplkatio111 for the 
future. Ref. 6, Vol. 58, 43 , l9tl4. 

IJ4) World Admini1trativ• Radio Conforence on tht' l/ae of the Geo8t&tionary-Sat11Wt11 Orbit 
and the Plannin111 of Spac• St'rvice• Utilizing It. f'iut Se11ion Geneva 1985, Report to the 
St'rnnd SrsKlon of the Con(ert'nce, S11ction :H.2.11, p. 4~. 

(35) R.('. Reynolds, RPview of cum•nt activitil!A to modf'I and mfluure the orbital debrl1 envl, 
ronml'nl in low-earth orbit . Ref. 4, l!IHI!. 

[:16) t:. (:men, H.A. Zook. H. F<'rhtiiit, R.H. Gi11ae, Colli1ion balance of the metl!Oric compln. 
lraruK Vol. 62, 191(5. 

(:ljj D .I . k:1•s8l1•r. Orhit;J JPhris im1es . A,lv. S11are Rei. Vol. 5(2 ), 19H5. 

!:IN) W.W. l\1•ll0Q, Pollution of the upp••r atmuNJlh"'" by rorkl'lB. Spaet• Sd. R•vt. Vol. 3, 27!1, 
1!)64 

I••• 



A.IA.C, lO!IUO 
l119U ■h 

••ci• 30 

REFERENCES 

(39) COSPAR: Environment&! Efl'ecta of Space Achivi&i11,A/ AC.10&/334, 23 November , 1984, 

(40) P. Fabl&n, A\maopha.re und Umweh. Springer Verla«, Berlin- Heidelberg-New York-Toklo, 
1984. 

[41 ) NASA: Final Environmental Impact Statement: Space ShuUI• Program-Wuhlngton, D.C. , 
19711. 

[42) G. Hurendel, G. Puchmann, W. Baumjoh&11n, C.W. Carlaon, Dynamic• of the AMPTE 
artlllci&I comet. Nature Vol. 320, 720, 1986, 

INt Herd Copy Avalleble 




