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Results are presented of observations of arti� cial optical effects in the atmosphere that were made mainly by
means of all-sky cameras in northwest Russia and Scandinavia. There were six arti� cial optical effects observed
during 10 years of observations made simultaneously from two or three stations and � ve more from single stations.
One of the cases was registered by a television camera on Heiss Island (Frantz-JosephLand), and these observations
allowed assumptions to be made on the volumetrical shape of the phenomena. It was assumed to have a toruslike
form rather than a spherical shape, and the luminosity was caused by Rayleigh scattering of sunlight by particles,
which formed a gas and dust cloud during the launch of a rocket. Observations from distant points were used to
maketriangulationmeasurements. It was shown that all of the observed phenomenahad both commonand original
features. The altitudes of luminosity for different cases varied from 230 to 1080 km. The clouds represented rapid
horizontally expanding circular objects with the front edge propagation velocity of 3–7 km ¢ s ¡ 1. Diametrical sizes
of luminousclouds in some cases exceeded 1600 km at later stages of their development. Five of the six phenomena,
the sizes of which were measured by triangulation, were most likely caused by launches from the Plesetsk rocket
range in northwest Russia, whereas the remaining one apparently was launched from a place located in west of
the Kazakh republic. The possibility of observations of such types of phenomena depends very much on sunlight
conditions, direction of launch trajectory, and weather conditions.

Introduction

T HE in� uence of rocket launches on the ionosphere was iden-
ti� ed from the very beginning of space and near-Earth envi-

ronment investigations by satellites and powered rockets. Booher1

� rst postulatedthat powered rocket � ights through the F-regionpro-
duces an extensive ionospherichole, which persistedup to the order
of one-half hour subsequent to the � ring of Vanguard II in 1959.
Later this was con� rmed repeatedly. It was found that the iono-
sphere could be disturbed in a wide range of altitudes, whereas a
disturbedregion could exist for a time much longer than the time of
rocket � ight with the burning vehicle.2 ¡ 4

One of the most informative launches was that of Skylab by the
Saturn V carrier in 1973,5,6 which initiated a rapid and large-scale
depletion of the ionosphere to an extent never seen before. Simula-
tionsof physicalandchemicalprocesses,basedon the reactionofH2

andH2O moleculeswith atmosphericspeciesleadingto highratesof
recombination processes of electrons and positive ions in the iono-
sphere and consequently causing ionospheric holes, were carried
out.7 These studies initiated the use of rocket launches for practi-
cal scienti� c purposes in radio astronomy as providers of arti� cial
ionospheric windows for observation of low-frequency waves.8,9

Further investigationsof the ionosphericreaction to rocket launches
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con� rmed the results obtained previously and are summarized in
Ref. 10. It was shown that launches of powerful rockets such as
Apollo and Soyuz-19 in the Soyuz–Apollo program11 and Saturn V
in the Skylab program5,6,9 could cause ionospheric disturbances at
distances exceeding 2000 km from the launching place. The dis-
turbances could cover an area of about 1 £ 106 km2 existing for
several hours after the launch time, whereas the total electron con-
tents could decrease to about 50%. Generation and propagation of
wave disturbancesin the ionosphere12 and excitationof atmospheric
emissions13 provided by the interactionof exhaust gases with iono-
spheric constituents were observed in addition to the ionospheric
holes.

From the earliest days of the former U.S.S.R. and U.S. space pro-
grams great attention has been paid to the subject of possible con-
tamination and pollution of the upper atmosphere by rockets. At its
meeting in Prague in October1962, the ExecutiveCouncil of the In-
ternationalCouncilof Scienti� c Unions(ISCU)adopteda resolution
that noted that the large rocketsused in the connectionwith satellites
and space vehicles could introduce into space and the upper atmo-
sphere matter that could possibly have an adverse effect on future
scienti� c observations and that could possibly change the natural
state of the atmosphere. In 1963 at the request of ISCU, the Con-
sultative Group of the Committee on Space Research (COSPAR)
agreed to study the matter of pollution and prepared a technical
note on the subject. Kellogg14 published a comprehensive review
of the subject based on the prepared draft note as well as com-
ments from many knowledgeable scientists. Many possible ways
that rocket pollutantscould impact the atmospherewere considered
in this review. The problemwas de� ned as follows:What is the max-
imum number of large rockets that can be launchedper year without
causing a widespread change in the upper atmosphere that is larger
than the natural variations that already exist? The result of the
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back-of-the-envelopecalculationswas that about1000 superrockets
are requiredto doublethe naturalconcentrationof upperatmosphere
constituents such as H2O, CO2 , and NO. The main conclusion was
that if the result had been correct “it should allay the fears of those
who have worried about polluting the upper atmosphere with the
exhaust from our big rockets.”14

Mendillo et al.9 reported,15 years after Kellogg’s14 assessment,
thathardlya dozenaccountsexist describingspeci� c aeronomicper-
turbationsassociatedwith themanyhundredsof rocketlaunchesthat
haveoccurredsincethe launchofSputnik-1 in 1957.The authorsex-
plainedthe low numberof accountsas follows:1)prevailingamount
of small rocket launches; 2) majority of large rocket launches car-
rying payloads into low Earth orbit (h < 200 km), where the typical
exhaust products were H2O, H, CO, N, and O, relatively incon-
spicuous additions to ambient conditions; and 3) location of large
rockets trajectorieslaunchedby U.S. agenciesover water. The main
conclusion was that virtually all past rocket launches offered little
reason to search systematically for the atmospheric perturbations
caused by rocket ef� uents.

A different opinion was expressed by Krassovsky et al.,13 who
noted that water is detained in the upper atmosphere for a long
time after powered rocket launches. They showed that the level of
atmospheric hindrances for the frequency of 27 kHz considerably
increased (to » 10 dB) 7–8 days after Skylab launch and retained
for about 1.5 months. The authors explained it as moistening of the
atmosphereat lower D-region altitudes.15 It was concluded that one
could expect that the state of the ionosphere, as a consequence of
such types of human activity, would constantly change.

All of the mentioned results were obtained using radio meth-
ods such as Faraday rotation measurements and ionosonde vertical
sounding. This paper is devoted to optical observations of atmo-
spheric effects caused by launches of large rockets.

Launches of powered rockets and operation of spacecraft vehi-
cles, which are accompanied by releases of gas, plasma, and dis-
perse particles of various sizes at various altitudes, lead to the de-
velopment of arti� cial gas and dust cloudlike formations. These
formations scatter the sunlight or, reacting with chemical species
of the atmosphere, cause a luminosity, which results in extraordi-
nary optical phenomena in the surrounding space of the Earth.16

Although in most cases they can be seen easily with the naked eye,
documentation is rare. Most of them were accounted for in the pro-
ceedings of a number of recent conferencesdevoted to atmospheric
optics and spacecraft and rocket interactions with the surrounding
environment.17 ¡ 21

Vetchinkinet al.22 observedopticaleffectscausedby launchingof
the Molniya satellite by the Soyuz carrier. They determined that the
altitudeof the phenomenonvaried in the range from 120 to 180 km.
The expansion velocity of the exhaust gases was 1–2 km¢ s ¡ 1 . The
maximum observed horizontal size of the arti� cial formation just
after engine cutoff was 390 km. They also reported observations
of UV emissions at k = 275.0 nm from a UV imager telescope at
the astrophysical station (AS) Astron after the launch of the space
shuttle on 3 February 1984. It was shown that 3.5–4.5 h after the
launch, a region with increased UV emission was registered along
the trajectoryof the rocket.The intensityof theUV emissionreached
60% above background level. The diametrical dimension of this
regionwas about1000km. AS Astronwas at a distanceof 40,000km
from the enhanced region at that time. A similar increase of UV
emission (up to 60–100% above background level) was registered
also after the launch of the Proton rocket on 29 March 1984.

Investigations of visual arti� cial formations of dispersed parti-
cles that accompany rocket launches and operation of spacecraft
vehicles is important from the points of study of diffusionprocesses
dynamics in the Earth’s atmosphere at various altitudes,20,23 prob-
lems of atmospheric optics,22,24 space pollution, the in� uence on
ozone contents25 mentioned earlier, and estimating real sizes of the
arti� cial in� uence of rocket launches on the atmosphere.13,26

All observations carried out previously were mainly occasional
and made by various methods, which makes it dif� cult to compare
to and � nd common or different features of the phenomena. This
paper is basedon the resultsobtainedby standardequipment,during
a long time interval, in the same area, on the basis of a great amount

of routine photographic pictures of the sky obtained by the net of
all-sky cameras located in northwest Russia, Finland, and Northern
Scandinavia.

Database
All-sky cameras were designed in the 1950s before the Interna-

tional Geophysical Year to obtain photographs of the whole night
sky in a program that was common for most of the auroral observa-
tories in the world. Furthermore, these data were used for making
global pictures of auroral displays. Usually a single camera made
one picture per minute. Exposure times can be different, varying
from 2 to 20 s, depending on the brightness of the aurora and the
sensitivity of the � lm.

The brightness of atmospheric optical effects after the rocket
launches usually is comparable with auroral light, although at early
stagesof developmentit canexceedan aurorallight by severaltimes.
Thus, it was very convenientto use the largedatabaseof all-skycam-
era optical data to make a long-termstudy of the peculiaritiesof the
unusual optical effects sometimes seen in the night sky.

The basic data set for our study was obtained at the Loparskaya
and Arkhangelskauroralobservatories.These two stationsprovided
the longest and fullest auroral database north of Russia. The list of
nine stations, including three Finnish and one Swedish, whose data
we used in this study is presented in Table 1. We looked through the
dataobtainedalso fromotherstations,locatedin Finland(Kilpisjärvi
69.0±N, 20.9±E), northernRussia (Mezen 65.8±N, 44.23±E; Apatity
67.6±N, 33.3±E; andDixon73.6±N, 80.57±E)andSouthernSpitzber-
gen (Hornsund 77.0±N, 15.6±E), but Table 1 includes only those
stations providing positive results.

We started to look throughthedata beginningat 1977and � nished
with data in 1990.From all of the data,we found 11 casesof unusual
opticaleventsthathadnothingcommonwith auroralphenomenaand
obviously had an arti� cial character. Most interesting for us were
events that had been observed from two or three points because it
allowed altitudes and sizes of the luminous objects to be estimated.
There were six such cases. Table 2 presents the list of events in
chronological order. The � rst case was associated with the launch

Table 1 Observational points

Geographic Geographic Local time
Station lattitude longitude (LT) = UT+

Loparskaya 68.62 33.30 +2 h 15 min
Arkhangelsk 64.60 40.50 +2 h 42 min
Sodankylä 67.36 26.63 +1 h 47 min
Muonia 68.03 23.56 +1 h 34 min
Kevo 69.75 27.00 +1 h 48 min
Kiruna 67.83 20.40 +1 h 21 min
Heiss 80.55 58.00 +3 h 52 min
Cheluskin 77.35 104.30 +6 h 57 min
Istok 70.10 88.05 +5 h 52 min

Table 2 Optical atmospheric phenomena observed
from two or three points

Time interval, Altitude, Size,
Date UT Station km km

20 Sept. 1977 0104:20–0107:20 Loparskaya 230 » 800
0103–0107 Arkhangelsk
0104–0112 Sodankylä

4 Nov. 1983 0312–0420 Loparskaya 250 » 1000
0312–0320 Sodankylä
0313–0316 Kevo

26 March 1984 2113:20–2118:00 Loparskaya 1080 >1600
2113–2120 Arkhangelsk

2113:20–2116:20 Muonio
23 Oct. 1985 0120–0130 Loparskaya 1050 >1600

0123–0132 Kiruna
25 Dec. 1986 1424–1431 Loparskaya 530 » 1200

1424–1425 Kevo
23 Dec. 1987 1114–1119 Heiss Island 760 >1600

1115–1118 Cape Cheluskin
1114–1119 Istok
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of the Cosmos-955 satellite. There were no accounts in the press
about the launches for the � ve later cases.

The rarity of optical documentation of these effects can be ex-
plained by the speci� c conditions of sunlight illumination needed
for the observations.Speci� c conditions mean that a scattering ob-
ject has to be high enough to be illuminated by the sun, whereas an
observer has to be in the Earth’s shadow, that is, the sun terminator
must separate a scattering object and an observer. In the situation
when a cloud formation is located inside the Earth’s shadow, an
observer would see only the � ame of vehicle’s jet like a moving
small bright spot. The weather conditions superimpose more limits
on possible observations. Therefore the coincidence of favorable
conditions for observations at different stations is quite rare. A de-
tailed description of each event is given later. We tried to make the
form of presentation uniform for all cases to make them easier to
compare.

We began with the case study on 23 December 1987, the last
one in the list of events. This case was chosen for beginning be-
cause a most complete set of opticaldata had been obtained.The set
contained both data of television observations at Heiss Island and
all-sky camera data from three points (Heiss, Istok, and Cheluskin).
These points were located on different sides of the phenomenon
at large distances from each other, which make the triangulation
measurements more accurate. Photometer observationsof the three
main auroral emissions were carried out at Istok. On the basis of
television data, we were able to obtain dynamic and photometric
characteristics,which permitted assumptions to be made on the vol-
umetrical shape of the phenomenon. This case was the � rst in our
study, and the initial results encouraged us to make a historical re-
view of such events based on the great amount of optical all-sky
camera data available.

Case Studies
Case of 23 December 1987

Atmospheric optical observations were carried out on Heiss Is-
land, Frantz-Joseph Land (for geographical location, see Table 1)
from December 1987 to January 1988 to study dayside auroral phe-
nomena. The main optical instruments were an all-sky camera and
a television camera with � sh-eye lens. On 23 December 1987, the
optical instruments registeredan atmosphericphenomenon that ob-
viouslyhad arti� cial features.The phenomenonwas noticed at once
on the televisionscreen and representeda bright circular-shapedlu-
minous object, which appeared on the southern horizon at 1114
universal time (UT). Visual observations showed that the luminos-
ity had a light greenish color. The circular luminous object rapidly
expanded, and in 5 min reached the zenith of the observational
site. Analysis of optical data from another stations in the Russian
Arctic region showed that all-sky cameras had registered the same
phenomenon in Istok, near Norilsk, and on Cape Cheluskin (see
Table 1). All-sky camera pictures taken with a 1-min interval are
presented in Fig. 1 and show the development of the optical phe-
nomenon at Heiss Island and Istok. Compass directions are shown
in the � rst image at the left upper corner of Fig. 1. Auroral forms in
the southern sector of the sky are seen in the Heiss all-sky pictures
superimposingon the image of the luminous object. The distances
between these three stations is several hundred kilometers (Heiss–

Cheluskin, 960 km; Heiss–Istok, 1380 km; and Cheluskin–Istok,
950 km), and it was the � rst evidence that the luminosity took place
in higher altitudes than auroralones and covereda vast area. Optical
data from three stations provided the possibility to make triangula-
tion analyses to get estimates of the actual size and altitude of the
phenomenon.

To determine accuracy and avoid uncertainties and errors in the
� nal results of triangulation measurements on the basis of two-
dimensional images one has to know, or at least make corroborated
assumptions about, the volumetric shape of the object. For this pur-
pose,we used thedynamicbrightnesscharacteristicsof the luminous
cloud on the basis of the television video data.

We derived the volumetric shape of a luminous object by de-
termining the function of its brightness vs time. Figure 2 was
constructed by superposition of three television frames to show
sequential positions of the front edge of the luminosity at the times

Fig. 1 All-sky camera images of a circular luminous object observed
from Heiss Island and Istok.

Fig. 2 Superposition of three television frames showing the front of
the expanding luminosity at different moments.

Fig. 3 Dynamic and intensity characteristics of luminous cloud. The
upper panel shows development of the luminous cloud presented in the
form of spatial–temporal variationsalong the white line shown in Fig. 2.
The vertical axis represents the elevation angle from the horizon. Light
bands crossing the brightest one are the auroral light contamination.
The lower panel presents a plot of the boundary brightness function vs
time and the best-� t interpolation by power approximation.
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with 1-min interval (from 1115 to 1118 UT). The television cam-
era � eld of view was 180 deg along the diagonal of the frame. The
white curved line was drawn, always perpendicularto the front edge
of the expanding and propagating cloud. Figure 3 (upper panel)
presents spatial variations of intensity of the luminous cloud vs
time along this line. The intensity variations are almost a straight
band, with brightness decreasing in time. The plot of the luminos-
ity brightness maximum vs time is presented in the lower part of
Fig. 3.

Analyzing the function, we proceeded from the assumption that
the variation of boundary brightness a vs time t under the stable

Fig. 4 Results of triangulation mapped on the coastline of northwestern Russia and Scandinavia for case study on 23 Dec. 1987.

Fig. 5 Results of triangulation mapped on coastline of northwestern Russia and Scandinavia for case study on 20 Sept. 1977.

total radiation � ux, and different possible volumetric shapes of a
luminous object is presented as follows.

Sphere with uniform volume luminosity:

a = [A / (t + B)3] + C

1) Sphere with uniform luminosity of surface layer, 2) disk with
uniform luminosity,and 3) secondarydiffusescatteringby a sphere:

a = [A / (t + B)2] + C
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1) Disk with uniform luminosity at edge (torus), 2) secondary
diffusescatteringof a sphericalsurface,and 3) the secondarydiffuse
scattering by a disk:

a = [A / (t + B)] + C

Secondary diffuse scattering of the edge of a disk (diffuse scat-
tering of a torus):

a = A
p

t + B + C

In all expressions, the constants have the following physical
meanings: A is the transition coef� cient from visual to absolute
brightness, B is the transition value to the proper time of the event,
and C is the constant background luminosity.

It was determined at the beginning from 1115:30 UT that the
best � t was approximated by the function a = [A /

p
(t + B)] + C .

Both experimentaland approximationfunctionsare shown in Fig. 3
(lower panel). The mean square error of the approximationfunction
is 6.3 times is less than the same parameter of the closest of three
other functions. Thus, one might conclude that at the later stages
of the cloud development (after 1115:30 UT), the most probable
luminosity origin was secondary scatteringof a diffuse torus. In the
earlier stages, it had a more complicated character.

For triangulation, we used up the all-sky images of the phe-
nomenon from the three stations coinciding in time. Two methods
of triangulationwere used for this case. The � rst one was described
in detail by Kaila.27 The method consists of digitizing contours of a
luminous objecton the pairs of all-sky images made simultaneously
at different stations. Each point in the image determines a line in
three-dimensional space, which lies through an observational site
on the Earth’s surface at this point. From the lines going out from
each observational site, one can � nd pairs of closest crossing lines.
The middle point between these two lines would be the point sought
for in space, determining the altitude and geographicalcoordinates.
The second method of triangulation consists of simple superposi-
tion of the images mapped at various altitudes for different stations
and � nding the best � t of the images, thus obtaining the altitude
and dimensions of the object. Results of both methods coincided
with an accuracy of about 50 km, in both the horizontaland vertical
directions.

The resulting picture of luminous cloud development mapped
on the coastline of northwest Russia is shown in Fig. 4. Circular
lines represent the shapes of luminosity region determined every
minute from 1114 to 1119 UT. The height of luminous region was
determined at » 760 km. The horizontal velocity of motion of the
center of the circles was about 4.2 km¢ s ¡ 1 , the mean velocity of
their widening was » 5.6 km¢ s ¡ 1, and the velocityof northeastward
propagation of the front edge was » 6.7 km¢ s ¡ 1 .

The straightdottedlineconnectingthecentersof thecirclescomes
out from the locationofPlesetskrocketrange,which is about100 km
southward from Arkhangelsk. At 1119 UT, when the edge of the
luminous circle reached the zenith of Heiss Island, its diameter was
approximately 1600 km. The television video data show that the
luminosity expanded even for longer time, and its edge crossed the
zenith of Heiss Island.

The dashed lines in Fig. 4 show the location of the sun’s termi-
nator at different altitudes (for 250, 400, and 700 km). The sunlight
was coming from the southwest (thick arrow). The measured alti-
tudes of the luminosity are higher than the terminator at all times
during the observations,while the observation points Heiss Island,
Istok, and Cheluskinwere in deep darkness during this period. (The
height of terminator was more than 300 km above all observation
points.)

Photometer measurements of the main auroral emissions for the
wavelengths k 427.8 nm 1NGN+

2 (� rst negative group of molecu-
lar nitrogen) and atomic oxygen k 557.7 nm [OI] and k 630.0 nm
[OI] were carried out in Istok. Photometers recorded an increase
of intensity at about 1118:20 UT. Measurements of the intensity of
the emissions showed that they satis� ed to Rayleigh’s law of sun-
light scattering vs k ¡ 4.Thus, it was another con� rmation that the
luminosity of cloud was caused by the scattering of sunlight.

Fig. 6 All-sky camera images of luminous cloud observed at Kiruna
on 23 Oct. 1985.

Case of 20 September 1977
This case took place about 10 years earlier than the precedingone

(Table 2). A bright luminous cloud attracted the attentionof citizens
and scientists by its brilliant and spectacular presentation immedi-
ately after its appearance in the sky above the city of Petrozavodsk
(Karelia,Russia). The phenomenoncoincidedwith an intensiveand
dynamic auroral display at the same place. That is why later the lu-
minous cloud coincidingwith aurora was named the “Petrozavodsk
phenomenon.”The cloudwas registeredat three sites:Arkhangelsk,
Sodankylä, and Loparskaya (Table 1). Later it was con� rmed by a
former SovietnewspaperPravda28 and the journalSpace�ight29 that
the phenomenonwas caused by the satellite launch Cosmos 955. A
brief description of the development of the luminous cloud was
given by Platov et al.16 and Chernouss and Platov.17

The results of triangulation carried out for this case are shown
in Fig. 5. As in the preceding case, the direction of propagation
was northeastward,but the height of luminositywas much lower, at
230 km. The parameters of luminosity motion were as follows: The
horizontal velocity of the center of the circles was about 2 km¢ s ¡ 1,
the velocityof their widening was about 4 km¢ s ¡ 1 , and the velocity
of northeastwardpropagationof the frontedgeof the luminouscloud
was about 3.7 km¢ s ¡ 1 . At 0107 UT, the horizontal dimensions of
the cloud were approximately 800 km. The dotted lines in Fig. 5
show the location of the terminator for different altitudes at 100,
230, and 300 km. Sunlight was coming from the east (thick arrow).

Case of 23 October 1985
This event was seen from two points: Kiruna (Sweden) and

Loparskaya (Russia). The sky above the territory of Finland was
overcast. A slight mist was present at Loparskaya, and that is why
the all-sky pictures there were made at a 5-min interval. Images of
the cloud made at Kiruna are shown in Fig. 6. The results of trian-
gulation are presented in Fig. 7. The altitude of this event was very
high, equal to 1050 km. The direction of propagation was again
northeastward, and the horizontal velocity of the front edge of ex-
pansion was about 3 km¢ s ¡ 1.

The lines with long dashes in Fig. 7 show the location of the
terminator for the altitudes of 300, 500, and 1050 km. The sunlight
was coming from the east (thick arrow). Although the terminator
was very high above the observational points, the luminosity had
been even higher. That is why it was clearly seen both in Kiruna and
Loparskaya.

Case of 25 December 1986
Two all-sky cameras in Kevo (Finland) and Loparskaya (Russia)

registered the luminous cloud. For this case, we obtainedan altitude
of 530 km (Fig. 8). The direction of propagation is northeastward,
but horizontalvelocities could hardly be measured; however, rough
estimates show that the front edge moved with velocity of about
3 km¢ s ¡ 1.

In this case, the sunlightwas coming from the west. The location
of the terminator is shown for the altitudes 200, 530, and 700 km.
Again, as in the preceding cases, the luminous phenomenon was
higher than the Earth’s shadow, whereasLoparskayaand Kevo were
in darkness.

Case of 4 November 1983
This case is one of two that differ from the preceding ones not

only by the height of the luminositybut other characteristicsof their
presentation. The all-sky images came from three stations: Kevo
and Sodankylä (Finland) and Loparskaya (Russia). The launch of a
rocket was seen in Loparskaya, � rst as a white point, which drew a
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Fig. 7 Results of triangulation mapped on coastline of northwestern Russia and Scandinavia for case study on 23 Oct. 1985.

Fig. 8 Results of triangulation mapped on coastline of northwestern Russia and Scandinavia for case study on 25 Dec. 1986.

white dash on the image close to southeasternhorizonof image due
to exposuretime. In 1 min the point transformedto a bright torchlike
formationwith a sharp pointed head. All three cameras detected the
torch.Then the torchdevelopedinto a bright luminouscolorfulcloud
that covered more than half of the sky, seen from Loparskaya and
Kevo. During further development, a white spot separated from the
cloud and a trail stretched out of this spot. The trail was seen for
about one hour after the launch, very slowly changing in shape and
stretching further southeastward.

We present the results of triangulation measurements in Fig. 9.
The results of triangulation show another distinction from the pre-

ceding cases. The direction of propagationwas northwestward,and
the altitude was one of the lowest among the cases (about 250
km). The horizontal velocities of the front edge of the cloud was
about 3.5 km¢ s ¡ 1 , and the velocity of the center motion was about
2.5 km¢ s ¡ 1 . The cloud was close to the terminator, but the trail was
entirely illuminated by the sun, especially at later times.

Case of 26 March 1984
This case was observedfrom three observatories:Loparskayaand

Arkhangelsk (Russia) and Muonio (Finland). The results of trian-
gulation are presented in Fig. 10. The altitude of the luminosity
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was the highest ( » 1080 km) with regard to all earlier described
phenomena.This launch was not made from Plesetsk. The direction
of propagation was northward almost along the geographic merid-
ian. The velocity of propagation of the front edge was also highest
among all cases and equal to 7.5 km¢ s ¡ 1 . Presumably, this case was
connected with the launch of a rocket from southern regions of the
former U.S.S.R., perhaps from western Kazakhstan. Scandinavia
and the Kola peninsula were close to the midnight sector. The sun-
light came directly from the north. Therefore, the Earth’s shadow
was high at the observationalpoints (altitude » 450–500 km).

Other Cases Observed from Single Stations
We brie� y point to some other cases, which were registered by

standardopticalequipmentat differentplaces.The list of these cases
is givenin Table 3. Some of thesecaseswere identi� ed with launches
of satellites on the basis of reports of Soviet newspapers.Although
we could not make triangulation measurements and � nd the loca-
tion of the luminosity, we could estimate that their features had
been very similar to those phenomena described earlier. Photome-
ter measurements in different emissions made during the event on
8 January1986, also showed that the luminosity of the cloud was
caused by Rayleigh’s scattering of the sunlight.

Discussion
We presented six cases of optical phenomena that were observed

from two or three stations and pointed to � ve more that were regis-
tered by a single station. In fact, such phenomena were seen more
frequently according to eyewitness accounts.

It was shown that the luminosity effects took place in a much
wider altituderangethan those that wereobservedby radiomethods.
This could be understoodbecause the radio methods could measure

Table 3 Optical atmospheric phenomena observed
from a single station

Date Time interval, UT Station Satellite

20 March 1979 1855– » 1858 Is.Golomyanya Meteor-2
31 March 1982 0312–0420 Istok Cosmos-1345
25 Oct. 1985 0403–0409 Kiruna
8 Jan. 1986 1135–1138 Istok Cosmos-1715
19 Sept. 1986 2220–2245 Arkhangelsk
aGeographic: latitude 79±N, longitude 93±E.

Fig. 9 Results of triangulation mapped on coastline of northwestern Russia and Scandinavia for case study on 4 Nov. 1983.

effects mainly at the altitude range of the E- and F-regions of the
ionospherewhere the density of the ionized component is high and
radio methods are most effective.

The burning engines of rocket vehicles are very strong sources
of dispersed particles. For example, about 180 tons of particles,
mainly aluminum dioxide are generated during the operation of the
solid-fuel boosters of the space shuttle. During operation of the
liquid-fuel rocket engines, about 30% of the exhaust is condensed
with the formation of ice particles. The lifetime of the particles
and consequently of the arti� cial clouds including these particles
dependsontheprecipitationvelocityanddiffusionin theatmosphere
and thermodynamicconditionsof the medium where this cloud was
generated.The lifetimesof thearti� cial cloudscan vary fromseveral
minutes to several hours.22

Spatial– temporal and spectral-brightness characteristics of ar-
ti� cially created clouds pointed out in our results and in the
literature19,22 may be explained by the proposal that Rayleigh scat-
tering takes place on the particles, whose radii were estimated to be
less than 1l m. These could be particlesof a condensateformed as a
result of exhaust gas cooling by its rapid expansiondue to the great
pressure differential between the nozzle exit and the surrounding
atmosphere. The existence of such particles can explain the large
diametrical dimension of the arti� cial clouds, that is, the distances
on which brakingof injectedcomponents in the rare� ed atmosphere
takes place at the altitudes more than 200 km.

All cases presented in our review had common features, although
each of them had its own peculiarity. From Table 2, it is seen that
the spatial sizes of the cloud formations are geometrically similar,
that is, the higher an object was, the larger the area it covered. That
is why we used the example of 23 December 1987, the � rst one in
our review, and tried to analyze what in general happens during the
period of working engines for rocket launchesduring the initial part
of their trajectory up to about 1100 km.

Gritsai et al.25 studied the optical effects of stage separation in
the launches of multi-stage rockets on the basis of television obser-
vations. They found that the arti� cial cloud formed during booster
separation or engine cutoff was more stable than the burning prod-
ucts of fuel before and after separation. The lifetime of the former
was 5–10 times longer than that of the latter.

Therefore, the most dramatic events happen during cutoff of the
boosters. Noted that at these moments the unused fuel, which al-
ways exits the tanks of the rocket, pours out into the atmosphere.
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Fig. 10 Results of triangulation mapped on coastline of northwestern Russia and Scandinavia for case study on 26 March 1984.

Fig. 11 Probable development of gas and dust cloud after rocket launch on 23 Dec. 1987.

This action does not have a jet character but is a simple ejection of
a complicatedgas mixture. The ejection usually lasts for a few sec-
onds before other boosters begin to operate or engine cutoff takes
place, and a rocket achieves its orbit. Taking this into account, we
have to remind ourselves that according to the approximationcurve
in Fig. 4 the volumetric shape of the cloud formation is more likely
to be a torus. This volumetrical shape is also con� rmed by the im-
ages given in Figs. 1 and 6, where the luminous object looks like a
ring with a brighter periphery than its internal part. All of these fea-
tures suggest that the mechanismof cloud formation is similar to the
creation of a smoke ring by a smoker. The atmosphere, the density
of which decreases exponentially,is a strong obstacle for dispersed
particles to penetrate deeper into the atmosphere. This forces the
cloud formation to expand in the horizontal direction, where the at-
mosphericdensity is constant.Of course, the componentsof motion
both downward and upward could exist also. The former is due to
the weight of the particles, and the latter is a vortex motion due to
the friction and viscosity of the atmosphericmedium.

The vertical section of the 23 December 1987 case is given in
Fig. 11. The section was made along the line of projection of the
rocket’s trajectory onto the Earth’s surface (Fig. 4). The position
of the observational points (Heiss, Istok, and Cheluskin) are given
as projections onto this line. Figure 11 is in true scales both in
the vertical and horizontal directions. Because of the large scale of
the phenomenon, we have to take into account the curvature of the
Earth’s surface.

We suppose that initial vertical size of the cloud was less than
100 km. We proceeded from the assumption that the pouring out of
the remaining fuel lasted no longer than 10 s. If the velocity of the
rocket was several kilometersper second, then we get a vertical size
of about a few tens of kilometers. We also propose that the vertical
size of the cloud enlarged during development to approximately
twice the initial size.

Bearing these assumptions in mind, it is seen in Fig. 11 that the
cloud was entirely above the Earth’s shadow up to 1119 UT. At the
same time, the auroral structures, which were seen only at Heiss
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Island (Fig. 1), were located lower than the sun’s terminator, and
their position is also shown in Fig. 11.

It is very important to estimate accuracy and possible errors that
could arise during triangulationmeasurementsof cloud formations.
Two pairs of arrows in Fig. 11 present the crossing lines of sight.
In principle, the point of crossing determines the altitude and hori-
zontal coordinates of one of the points of the object. It is seen that
this point could be lower or higher than the mean altitude of the
cloud formation, which in the present case was 760 km. The possi-
ble dispersionof this point lies in a rectangle, the sides of which are
estimated in the vertical direction to be » 10–12% of altitude and
» 5–7% of the horizontal dimensions. Thus, the spatial characteris-
tics given in Table 2 are mean values of the heights and diametrical
sizes with the accuracy, which gives an estimation of the thickness
of a cloud.

Conclusions
The results of ground-based optical observations of luminous

clouds caused by launchesof powered rockets point to the following
peculiarities.

1) The altitudes of the luminous clouds varied in the range from
230 to 1080km, but thecloudscouldbe observedonlyunderspeci� c
sunlight conditions when they occurred above the sun’s terminator
andanobservationpointwas locateddeep inside the Earth’s shadow.
The altitude of the phenomena did not change in the estimated ac-
curacy range of 10–12% of the measured altitude.

2) The luminosityof the cloudswas causedby Rayleighscattering
of sunlighton dispersed particles existing in the gas and dust clouds
produced by a rocket, mainly at the moments of booster separation
or engine cutoff.

3) The luminous clouds represent rapid horizontally expanding
formations with a prevailing direction of propagationalong the tra-
jectory of the rocket.The mean valuesof the horizontalvelocitiesof
the front edges of the luminous clouds varied from 3 to 5 km¢ s ¡ 1.
The maximum velocity was measured for one of the highest cases
(26 March 1984) and was equal to 7.5 km¢ s ¡ 1 .

4) All clouds were topologicallysimilar, which means the higher
the clouds were the larger were their � nal geometrical dimensions.
The maximum visible horizontal dimensions at the later stages of
cloud development were more than 1600 km. It is most probable
that the clouds had a toruslike spatial form. This assumption was
con� rmed both by television data analysis and the images of indi-
vidual cases. The maximum value of the vertical extent is estimated
to be about 200–250 km.

5) The lifetime of the visual objects registered by standard all-
sky cameras varied from several minutes to several tens of minutes.
Sometimes a longer lasting luminous trail could be seen after the
disappearanceof the main cloud.

6) All of the described features of the effects caused by rocket
launches show that they can cover vast territories at very high alti-
tudes. Sometimes they can be registeredonly by optical equipment,
which can be standardcameras for routine all-sky observations,and
these data can provide very important information on the in� uence
of the rocket launches on the surrounding space environment.
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