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Transient lunar events appear to involve two main effects: the obscuration of surface detail, and changes in brightness and/or colour which could be caused either by modification of the way in which incident sunlight is scattered,
or by the emission of additional light. We find it difficult to explain the obscurations in any other way than to assume
that clouds of fine surface dust are raised either by bursts of gas emission from surface fissures, or by impacts; the
possible duration and density of such clouds are considered.
Modification of the albedo of a dust surface by agitation has been demonstrated in laboratory experiments: under certain conditions the albedo may increase, but the change appears to be permanent at atmospheric pressure; it
may be reversible under lunar vacuum conditions. The most likely lunar process of this type again seems to be the
agitation of surface dust by gas emitted from fissures; also, the scattering of sunlight by dust clouds could, under
some conditions, result in weak colour effects. Processes that could result in the emission of light include incandescence, luminescence or thermoluminescence, glow discharge in gas clouds (possibly enhanced by the presence of
charged dust grains), and lightning-type discharge in dust clouds. We conclude that the lightning-type discharge is the
process most likely to be bright enough to be visible from earth, against the sunlit moon.
We therefore conclude that transient lunar events of the different types that have been reported could be explained
by various processes that may occur in gas-borne dust clouds.

1. Introduction
There have now been over 1,400 reports of transient changes on the moon’s surface, as observed by
telescope from the earth (Cameron, 1976). While it is
possible that many of these are due to instrumental,
atmospheric, or physiological effects, it seems probable
that some are real, and it is the purpose of this contribution to consider which physical processes offer possible explanations.
Two main types of effect have been reported as occurring either separately or together:
(1) Obscurations, involving blurring or loss of surface detail, and loss of constrast.
(2) Changes, usually increases, of brightness. These
are sometimes colourless, sometimes weakly coloured

(usually red or blue), and sometimes more strongly
coloured (usually red); a few have been described as
red and sparkling (e.g., Herschel, 1787; Greenacre and
Barr, 1963). Some star-like points have also been reported.
None of these events have left visible permanent
char?~es.The lateral scale of typical events appears to
be of the order of tens to hundreds of kilometres, although ones less than about 10 km across would probably not be noticed (apart from very bright point
flashes). Their duration is usually from minutes to an
hour or two, but they would probably need to last for
a few minutes to be confirmed. Correlations have been
found in time with lunar perigee (Middlehurst,
1968), and in position, especially with the edges of
maria (Middlehurst and Moore, 1967) although
—

—
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Fig. 1. Photographs of the crater Alphonsus taken by Alter in 1956, showing slight obscuration of surface detail in (B) as compared with (A) — particularly of an undulating rille in the upper right-hand part of the crater floor.
The two photographs were taken with different filter/plate combinations, and therefore used different wavelength bands, centred
in the near IR for (A) and the blue for (B). The blue-light picture is less clear all over, because of light scattering in the earth’s atmosphere, but Alter considered that features in Aiphonsus were further obscured on the blue-light plates by some additional local
cause, as compared with features in nearby craters. The effect was present on four pairs of photographs, taken over 1.25 h under
excellent seeing conditions; no blue-light photograph was shown that did not show the obscuration. North is at the top. (From
Alter, 1963).

both these correlations are weakened by the possibility
of selective observation, once they had been announced.
Several physical mechanisms for transient events
have been proposed, including:
(1) As causing obscuration:
(a) Scattering of light by dust clouds,
(b) Gas fluorescence, i.e. gas released from the surface and excited by solar UV or X-rays to give a veil of
light, resulting in loss of contrast,
(2) As causing changes of brightness:
(a) Emission of light by:
(i) Luminescence (including thermolumines-

(b) Modulation of incident sunlight due to:
(i) Agitation of surface dust by gas emission or
by electrostatic effects.
(ii) Scattering by dust clouds.
One of the main difficulties in trying to assess these
mechanisms is the shortage of physical measurements
or instrumental records of transient events. Those
available include Alter’s 1956 photographs (Alter, 1963)
which suggest a slight temporary loss of detail on the
floor of the crater Alphonsus (Fig. 1), and some further
photographs listed by Cameron (1976). More specific
evidence is provided by Kozyrev’s 1958 spectrum
which he ascribed to C2 gas emission from the central

cence) excited by solar radiation or particle emission.
(ii) Incandescence of surface material, heated in
some way.
(iii) Electrical glow or spark discharges in gasborne dust clouds,

peak of the same crater, as shown in Fig. 2 (Kozyrev,
1961); also, Kozyrev (1963) later obtained other
emission spectra, including an H2 emission spectrum
for the crater Aristarchus. Kopal and Rackham (1963)
photographed an apparent brightness change around
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Fig. 2. An emission spectrum obtained by Kozyrev in 1958,
and ascribed to gas coming from the central peak of the crater
Aiphonsus.
A. The position of the spectrograph slit.
B. Negatives oftwo spectra, of which the right-hand one is 01
normal scattered sunlight, whereas the left-hand one also shows
a band of emission ending at about 4,740 A, and corresponding
the point on the slit where it crosses the central peak.
C. The profile of this emission spectrum, which resembles the
C
2 Swan bands. (From Kozyrev, 1961).
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Kepler, which they ascribed to luminescence, and
Petrova (1967) made photometric measurements of a
~ow in the same region. Spectra obtained by Grainger
and Ring using the line-filling method were thought to
imply surface luminscence, but have since been ascribed by them to a surface polarisation effect. Some
polarisation anomalies have been reported by
Dzhapiashvili and Xanfomaliti (1966). The only Apollo
instrumental record of a transient change indicated an
emission of gas, but this was later considered to have
come from the spacecraft. Three Apollo astronauts
while in lunar orbit reported flashes from the surface,
but could not be sure that these were not eye effects due
to cosmic ray particles; however, one of the astronauts
that saw these flashes (Mattingly) did not, for some
reason, normally see cosmic ray eye flashes.
None of the instrumental evidence is unambiguous
and undisputed, although Kozyrev’s spectra are probably the strongest evidence available. For the rest of
the large number of events reported we must rely on
descriptions of them by many different observers,
mostly amateurs, with widely different telescopes,
equipment, observing conditions and experience. In
order to obtain more evidence, networks of observers
have been organised in an attempt to alert wellequipped observatories when an event occurs, so as to
obtain photographs and spectra. The Lunar International Observers Network (LION) was organised by
Middlehurst during the Apollo program, but is now
inoperative, as is Operation Moon Blink (Cameron and
Gilheany, 1967); W.S. Cameron has also organised a
program for the Association of Lunar and Planetary
Observers, and H. Ford * has organised a network in the
U.K. A network run by NASA for seven years failed
to confirm any of the observations reported to it.
However, it is not the purpose of this paper to evaluate the evidence for lunar transient events, but rather
to consider how they might be caused, on the assumption that at least some of the events reported really
did occur on the moon. We will now try to assess some
of the proposed mechanisms, on the basis of the cvidence we now have about conditions on the lunar surface, and to decide which are possible and which are
not. It is convenient to take them in a different order
Director of the Bntish Astronomical Association s Lunar
Section, and TLP network coordinator. Address: Mills Observatory, Balgay Park, Dundee, Scotland.
*

from the list above, and we shall start by considering
two surface effects that have been suggested as possible
causes of light emission luminescence and incandes.
cence.
—

2. Luminescence
Lunar samples have now been shown to luminesce
in the laboratory under proton or electron excitation,
although UV radiation is ineffective. However, although luminescence spectroscopy has been found to
be a useful method of elucidating the solid-state
properties of these materials (e.g. Sippel and Spencer,
1970; Geake et al., 1976), it is clear that luminescence
emission is too faint to make a detectable contribution
to the light from the lunar surface as observed from
the earth. The evidence is summarised in Fig. 3, due to
Nash and Cone! (1971); it is evident that for the known
excitation intensity due to protons arriving as solar
wind or even from solar flares the resulting light
emission intensity, even if the surface materials were
of 100% energy conversion efficiency, would still be
several orders of magnitude too weak to be detectable from earth against the sunlit lunar surface, by any
of the techniques used. In fact, the highest efficiency
found for lunar samples (for separated plagioclase)
was about 0.1% (Geake et al., 1972).
Luminescence emission might just be visible against
the dark side of the moon, but no plausible excitation
process has been proposed, as the solar particles travel
in almost straight lines from the sun; even spiralling
of their paths due to the earth’s magnetic field would
not cause them to fall appreciably beyond the terminator. Excitation from all other sources, e.g. cosmic rays,
is several orders of magnitude less intense than that
from the sun.
Thermoluminescence, whereby energy is stored in
cold material and eventually released as light, has been
suggested as a process relevant to transient light emission from the moon (e.g., Sun and Gonzalez, 1966;
Sidran, 1968; Blair and Edgington, 1970). However,
this process suffers from the same lack of expected intensity, and also, the conditions of energy storage and
release are hard to envisage. Thermoluminescence
emission due to heating at the dawn terminator would
require energy to be received and stored during the
lunar night, and it is not clear how it could get there.
—

—
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Fig. 3. A summary (from Nash and Conel, 1971) of the luminescence emission intensities under proton excitation for materials of
different energy conversion efficiencies.
Laboratory measurements of Apollo-il and -12 lunar samples are plotted; the diagonal dashed lines bound the region occupied by
most terrestrial and meteoritic materials. The horizontal dashed lines show the thresholds for detection from the earth of luminescence, against the sunlit lunar surface, by different techniques. It is evident that for solar-wind or flare protons, materials ofeven
100% efficiency would be at least three orders of magnitude below detectability; measured efficiencies for lunar samples were in
fact found to be between 0.1 and 0.0001%. A proton intensity sufficient to cause detectable luminescence would also cause detectable incandescence.

Thermoluminescence emission on the dark side, where
it might just be visible if it occurred has been postulated as being caused by some surface disturbance
(e.g. a chance impact) exposing sub-surface material
that had absorbed high-energy solar or cosmic-ray
particles throughout its history. However, on the dark
side, sudden exposure of sub-surface material would
surely cool it rather than heat it, except for the heat
generated by the impact itself; and in that local area
incandescence would probably far outshine any induced thermoluminescence,
It is therefore very difficult to regard any form of
luminescence as contributing detectably to lunar transient events, on either the light or the dark side of the
moon.

3. Incandescence

,

Herschel (1787) made one of the earliest observations of a transient lunar event, actually on the dark
side of the moon, and he described it as red and sparkling, rather like glowing charcoal thinly veiled with
ashes. We have therefore calculated how bright red-hot
lava would appear to be, if there were indeed some on
the moon. We have considered a 1-km square of hot
surface, on the grounds that, as 1 km on the lunar
surface is about the smallest resolvable distance, then a
smaller patch would look the same size but fainter,
whereas a larger patch would look the same brightness
but larger. The apparent brightness of this 1-km square
red-hot patch turns out to depend very critically on
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the temperature chosen, in this region; e.g., taking “redhot” as 1 ,000 K and “orange-red-hot” as I ,250 K, there
is a difference of about five stellar magnitudes between
them. Thus at 1,000 K the apparent surface brightness
of a 1-km square is about 10,5m, whereas at 1,250 K it
has increased to about 55m For comparison, the sunlit lunar surface 2
hasatanfull
average
brightness
of
moon,visual
diminishing
rapidly
about
4,7m km 2 at the quarter phase, due to the
to
about
6-7m
peculiarities
of km
the lunar photometric function. Lava
at 1,250 K would increase the brightness by about 50%
(to
2) at full moon, and by a factor of about
4 (to43m km 2) at the quarters. The effect would
52mbekm
therefore
just about visible on the bright side of the
moon, especially away from full moon; it would, of
course, be easily visible on the dark side. Kozyrev
(1961) indeed ascribed a second event, whose spectrum he also photographed, to hot lava at about I ,200
K. However, there is no geological evidence that any
part of the lunar surface has been red-hot in recent
times, or that hot lava has been ejected recently, so it
seems most unlikely that incandescence could be the
cause of any of the observed transient events. The only
exception might be random heating due to large impacts, which would be very rare and would not show
any correlations. Furthermore, any areas attaining
these temperatures would be conspicuous objects in
the IR long after they had ceased to be visible,
None of the surface processes considered therefore
seem to be likely explanations of observed light emission, and they certainly cannot explain obscurations,
so we will now consider processes involving gas and
dust clouds near the surface.

4. Dust clouds on the moon
It is difficult to explain large-scale obscuration of
the lunar surface other than by dust clouds, so we
will now consider how these might be produced and
sustained. As regards the scale required: the smallest
lateral distance on the lunar surface resolvable from
the earth is about 1 km, so the smallest recognisable
features are probably at least 10 km across, and the
smallest clouds likely to attract attention by obscuring
such features would probably need to be tens to a
hundred kilometres or so across. As most such features are normally seen most clearly by their shadows,

the minimum thickness of cloud necessary to obscure
them would be of the order of their vertical height or
depth probably at least tens of metres for the smallest
visible features; i.e., a thin surface layer of cloud or
—

mobile dust, however opaque, will not obscure features on a kilometre scale because it will tend to follow
surface
Theforduration
the to
cloud
must
be atthe
least
a fewshape.
minutes
it to be of
likely
attract
attention, and some such events have been reported as
persisting for several hours.
Two possible types of cloud are ballistic clouds and
gas-borne clouds.
4.1. Ballistic clouds
As the lunar “atmosphere” is normally negligibly
tenuous from the dust-bearing point of view, we will
first consider clouds that do not require gas. If lunar
surface dust were ejected, for example by an impact,
then each grain would follow a ballistic trajectory
more or less independently, and if its initial velocity
were below the escape velocity it would eventually
land back on the surface. Fig. 4A shows a man-made
lunar transient event which may be of this type; it is
described as the cloud produced by the impact of the
Russian spacecraft Lunik V. This would be equivalent
to a point explosion, and would involve both the
kinetic energy of the spacecraft, and the release of
fuel and other gases. While it is not known how big a
contribution was made by the temporary presence of
gas, the dimensions and duration of the cloud are consistent with the purely ballistic ejection of dust in all
directions, so this may have been the dominant effect,
with the gas having little further influence after the
initial explosion. The first photograph, labelled t = 0,
was said to have been taken “just after impact”, although the actual time interval was not stated. It appears to show a pair of white patches, presumably
opaque clouds of dust of higher reflectivity than the
undisturbed surface; these have disappeared 9.5 mm
later, to reveal surface detail. For some reason, only the
lower elongated patch is ascribed to the impact: it
seems more likely that both patches have the same
cause, as surface features near the impact could affect
the spatial distribution of the ejected cloud material.
Also, the t = 0 photograph appears to be of lower
general quality than the others; however, there is a
convincing change in the cloud between the photo-

305

t~O

O~5m

45m

95m

80km

IO’/amin
-~

10

9

7’/t

160km

320km

Fig. 4. A. A man-made transient lunar event, consisting of the dust cloud produced by the impact of the Russian spacecraft Lunik V
on May 12, 1965, in the SW corner of Mare Nubium. Photographs by Prof E. Penzel, from the tracking station at Rodewisch,
Democratic Republic of Germany. (From Penzel, 1965.)
B. Dimensions of trajectories
for dusttrajectories
particles projected
in all directions
from the same point on the surface, with the same initial
1. The extreme
only are shown
— the highest (for vertical projection) and the widest (for projecvelocity of 500 m s
tion at 45°);the dashed curve is the envelope of all the intermediate trajectories. Some times of flight to points on the surface are
given; for the intermediate trajectories there are two times to each point, and only the longer is given. Surface curvature has been
neglected, and does not make a significant difference.
The dimensions and duration of the resulting cloud of dust grains in flight would be roughly consistent with the cloud shown in
(A).

graphs at 0.5 and 4.5 min, which are of comparable
quality. The maximum lateral dimension of the cloud
is given as about 225 km, with a height of 80—95 km.

For comparison, Fig. 4B shows the distances and
flight times for dust particles ejected in all directions
with the same initial velocity (actually 500 m s’). The
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observed cloud is roughly consistent with this, in that
its height, width and duration are related in about the
same way.
A puzzling feature of the photographs is that the
cloud is shown at its largest at t = 0, whereas, however
the cloud was formed, it would surely increase from
nothing to a maximum size, and then decay as the dust
settled. It therefore seems more likely that the first
photograph was actually taken a few minutes after impact, when the cloud had become conspicuous. The
explanation offered in the report quoted is that the
cloud was of dust thrown up by the retro-rockets as
the spacecraft approached the surface, presumably at
a low angle. This could indeed explain an elongated
cloud of maximum length at the moment of impact,
but it ignores the second part of the cloud, shown in
the photographs; also, it seems unlikely that the retrorockets could throw the dust anything like far enough
sideways to explain the width of the cloud. Judging
by the Apollo landings, dust is thrown hundreds of
metres (e.g., at Surveyor II by Apollo 12), whereas in
this case it would need to be thrown tens of kilometres.
We have discussed these photographs is some detail
because they appear to be the only ones of a transient
event on the moon whose cause is known for certain;
we conclude that the most likely explanation of the
resulting cloud is that it is purely ballistic, following
the ejection of dust by the impact explosion. If this is
so, it follows that dust clouds of sufficient size and
duration to cause noticeable obscuration can occur
without requiring gas emission from the surface to
keep them up: they could be caused by meteorites of
comparable kinetic energy to Lunik V. However, these
would be extremely rare, and would not correlate with
anything, in position or time. They would not produce
light emission, except perhaps for an initial flash, although it is evident from Fig. 4A that the cloud looks
temporarily brighter than the undisturbed surface, by
scattered sunlight. Furthermore, an obscuration lasting
more than a few minutes could only be caused by such
a large meteorite that it would probably leave a new
visible crater, and none have yet been seen. We therefore conclude that, although meteorite impacts are a
possible cause of observable transient events, very few,
if any, of those observed have in fact been caused that
way. It is nevertheless possible that some clouds caused
by gas release are in effect baffistic, with the dust grains
in free flight after initial projection by escaping gas.

4.2. Charge-levitated dust clouds
Another suggested dust-raising process is levitation
due to surface grains acquiring charges of the same
sign, for example by the impact of charged solar wind
particles such as protons, or by the photo-electric effect due to solar radiation. Gold has demonstrated grainhopping caused by protons in the laboratory, and we
have found the same effect in our proton excitation
system. However, in neither case were the conditions
those of the lunar ultra-high vacuum; Salisbury and
Glaser (1964) have shown that when the ambient pressure is low enough for the dust grains to be thoroughly
outgassed, then even grains carrying the same sign of
charge stifi adhere to each other by Van der Waals’
forces, which are much stronger than those due to the
charges they acquired in their apparatus, It is therefore
difficult to see how the repulsive forces due to charge
effects could detach lunar surface grains, but if they
were detached, by some other means, it is possible
that charge effects might help to keep them levitated.
Two possible situations are:
(1) If only part of the surface layer of charged grains
is detached, by some means, then the detached grains
see the remaining surface as an extended sheet of
charge, and experience a uniform force upwards, in addition to random inverse-square repulsions from
neighbouring detached grains.
(2) If all the charged layer is stripped off, then the
detached grains are only repelled from each other; the
nett effect is to force the upper grains upwards and the
lower grains downwards, and the situation reverts to
(1).
The thickness of the resulting charge-levitated dust
cloud probably depends mainly on instabilities due to
non-uniform charging of the surface, but it seems unlikely that such a cloud could be either thick enough
or dense enough to cause obscuration; in any case,
charge effects can only assist some other means of detaching surface grains, such as gas release or thermal
shock. Furthermore, no such moving dust has been
seen by astronauts on the lunar surface. Evidence,
from flow patterns, for there having been some dust
movement probably refers to such movements earlier
in the moon’s history, when conditions, especially as
regards gas emission, were very different. The only
evidence for any such dust movement at the present
time is that Apollo micrometeorite detectors on the
lunar surface have occasionally detected grains moving
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horizontally at around dawn; these may possibly have
been detached by thermal shock, and then levitated
by charge. The only chance of seeing this effect from
the earth might be if enough dust were thus detached
to produce a temporary change in the albedo; indeed,
some events involving transient brightening have been
reported around the dawn terminator, although they
have usually been ascribed to thermoluminescence,
The rest of this paper will now be concerned with
processes which depend on gas being released from
the lunar surface.
4.3. Gas-borne dust clouds
The most obvious way in which lunar surface dust
might be raised to form a cloud is by means of gas
escaping from the surface. There is no doubt that
gases are present inside the moon: these will include
gaseous constituents of high cosmic abundance, mainly
H
2 and He, and small amounts of compounds such as
H2S, H2O, CO, C02, ~°2 and CH4, plus their dissociation products, including possibly C2 as found by
Kozyrev (1961); Kozyrev (1963) also identified 112
from a further spectrum. The solar wind consists mostly of H~and He~ions, with some heavier ions such
as Ar~and Net. The lunar surface provides electrons
to neutralise these ions, which are then adsorbed as
gas molecules by surface grains. These grains may
eventually become buried, and may subsequently release some of their adsorbed gases. Finally, the decay
of the initial
will provide
40Ar.radioactive
Gases fromconstituents
all these sources
could inHe,
Rn and be trapped in cavities in the regolith, and
principle
might then be released from time to time due to tidal
or thermal stresses, which might trigger the fracture of
a storage cavity in which a high pressure had built up.
The catchment volume might be very large, especially
at the edges of maria if deep cracking and internal disruption occurs there (e.g., Runcorn, 1976) and these
are just the places where many transient events have
been seen. Whether such gases, leaking from the surface, would disturb the dust would depend on the pressure and on the mass flow rate, and therefore on the
nature of the gas, the storage capacity of the gas-traps,
and the pressure they could withstand before bursting.
What happens to gas released from a trap in the
lunar surface wifi depend very much on the details of
its encounters with surface dust grains. Ifno dust is
—

detached, then the gas molecules wifi be unimpeded
once they have emerged; effectively, they will stream
out radially in all directions with only minor encounters
with each other, and having a range of velocities around
the RMS value, which is proportional to (TIM)’12
(where T is the absolute temperature and M is the molecular weight), but is independent of pressure. The
effective temperature is uncertain. The lunar daytime
temperature is over 100°Con the surface, but it drops
to an almost constant value of about 0°Ca metre or so
down; also, gas expanding into a near vacuum is strongly cooled. However, a temperature range of 0 ±100°C
only makes a difference of about ±20%to the RMS
velocity, so it will not significantly affect our argument if we use the value for 0°Cthroughout.
We will start by considering 112, as this is likely to
be by far the most abundant gas; it is also the lightest,
and therefore has the highest RMS velocity (1.7 km s1
at 0°C).This happens to be almost exactly the yelocity of a body in a circular orbit round the moon,
near the surface (1.68 km s’), The lunar escape velocity is ~ times this (2.38 km s’), and from the
Maxwell distribution about 15% of the molecules will
have escape velocity or higher, and will be lost immediately. Molecules emerging with the RMS velocity will
follow ballistic trajectories, and may in factland anywhere on the entire surface of the moon. For example,
one leaving vertically will ascend to a height of 1 lunar
radius (1 ,738 km) and land back in the same place 154
mm later; one leaving horizontally would, theoretically,
just
skim the
surface
it were108
smooth,
and would
arrive
backofatthe
its moon,
startingifpoint
mm
later. Those leaving at intermediate angles would follow elliptical orbits of the same total energy, and
therefore with the same major axis (equal to the diameter of the circular orbit, i.e. the lunar diameter),
and with a common focus at the lunar centre. These
orbits all cross the lunar surface somewhere, and the
impact point travels right round the moon as the mitial direction goes from horizontal to vertical. Molecules of higher velocity, but below escape velocity, can
similarly land anywhere on the lunar surface, but they
go further out and take longer; those leaving at less
than 1.68 kin ~ cannot get so far round the moon,
but can still cover a wide area. It follows that gas molecules emitted unimpeded from a single leak can be
distributed over the entire lunar surface after an hour
or so, assuming that they do not hit anything on the
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way. As the “normal” pressure of the lunar atmosphere that they will encounter is < 10_12 torr, at
which the mean free path is about i0~km (ten times
the lunar circumference), molecules are in fact unlikely to collide. However, although the gas is soon
distributed very widely, for this very reason the pres.
sure will be extremely low, and the pressure near the
emission point will in fact drop by a factor of about
1016 in the first second. There seems to be no prospect of such gas showing itself as a transient event
except that it might be just detectable by instrument~
elsewhere on the surface, such as the Apollo coldcathode gauge.
Although 112, the lightest, fastest and most abundant gas, has been taken as an example, the same process will occur with other gases. The only difference
for heavier gases is that a smaller proportion of the
molecules will have escape velocity initially, so more
will be retained; also, a smaller proportion will emerge
at more than 1.68 km s~,which is the condition for
being able to spread ballistically to all parts of the
moon. Both these effects result in a higher proportion
landing near the emission point. When gas molecules
do hit the surface, they will either bounce off, or be
adsorbed and perhaps released later; in either case they
thereafter contribute to the equilibrium of gases near
the surface.
The other extreme situation is the one in which gas
molecules completely loose their preferred radial directions of motion by many encounters with dust grains
soon after release; they wifi then soon acquire completely random directions of motion, while retaining
their Maxwell distribution of velocities. They then constitute a local temporary atmosphere, and the rate
both of spreading and of loss will decrease rapidly with
increasing molecular ‘weight. The gas cloud will spread
by thermal diffusion, and molecules may be lost when
they happen to acquire escape velocity outwards by
collision. The half-life of such an atmosphere ranges
from a few minutes for H2 to over i09 years for Ar;
however, for these heavier molecules the dominant
loss process is eventual ionisation by solar UV, following which it only takes a few minutes for them to be
accelerated away by the magnetic field associated
with the solar wind,
What actually happens to the released gas, between
these very wide extremes of ballistic streaming on the
one hand, and thermal diffusion on the other, must
—

depend entirely on chance local details of dust-grain
configuration, and on whether the gas is trapped at a
high enough pressure to be able to detach dust grains
to form a cloud near the emission hole. If any dust is
raised, some molecules will have been deflected from
their radial streaming in the process, and following gas
molecules will encounter the dust cloud and some of
them may be scattered. The degree of randomness of
motion thus acquired will determine how long the gas
molecules stay around; however, it seems probable
that for gas escaping from a single high-pressure leak,
the situation will usually be nearer to the streaming
situation than to the random one, and that the local
pressure will therefore drop very rapidly. It may be
that dust grains are in effect projected by gas, but are
soon on their own in ballistic trajectories, with the
ambient gas already at too low a pressure to have any
further influence on them.
We must now consider in more detail just how dust
grains may be detached by a flow of gas, so as to form
a cloud. For the extreme situation, of an area containing a multitude of small leaks, we can start by looking
at the behaviour of an ordinary fluidised bed at atmospheric pressure (see, e.g., Rowe, 1965). In that
case, gas entering the porous base of a deep dust layer
just levitates the grains when the pressure drop through
the layer equals the weight of the layer, per unit area.
The just.levitated layer has only expanded in depth by
a few percent, and behaves like a liquid when disturbed.
Increasing the gas flow causes only slight further expansion, but introduces instabilities in the form of
gas bubbles rising through the dust; a further flow increase causes violent bursting of these bubbles, ejecting dust grains from the surface to form a cloud which
remains suspended by the gas flow.
If the pressure above the bed is now reduced below
atmospheric, this begins to have a serious effect when
the mean free path of the gas molecules becomes comparable with the grain size, which happens, for exampie, at a pressure of a few torr for 1O-btm grains. Experiments by Miller and King (1966) have shown that
the effect is that while the deeper layers of the bed are
unaffected, the top few centimetres become totally
unstable and blow off to form a suspended cloud. The
properties of gas-fluidised ash flows, under lunar conditions, have been analysed theoretically by Pai et a!.
(1972); they conclude that this may have been a possible way of transporting material for crater filling,
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and that it offers an explanation of features such as
sinuous rules and “tide marks”. However, the conditions they consider involve high temperatures and
copious supplies of gas, which may have been so when
the major features of the moon were being formed a
billion or more years ago. It is important to realise that
this is not relevant to present-day transient lunar events,
as conditions are now very different.
In a very high vacuum (.~~10_l2
torr) such as now
normally prevails at the lunar surface, the dust grains
will be almost completely out-gassed, and this makes
a major difference. Salisbury et al. (1964) have shown
that below a pressure of about i0~9torr, dust grains,
stripped of any adsorbed gas layer, strongly adhere to
each other by inter-molecular (Van der Waals’) forces;
their labo~atoryexperiments showed that the adhesive
force was between 12 and 200 times the particle weight
(depending on particle size), suggesting that under
lunar surface gravitational conditions grains would
stick together with a force of several hundred times
their weight. Furthermore, when in this state, mere
exposure to gas, even at atmospheric pressure, does not
penetrate and remove these bonds. It therefore seems
likely that under lunar vacuum conditions the gas flow
required to levitate such a layer of out-gassed grains,
by tearing them apart to disrupt these forces, would
be so large that, once separated, the dust layer would be
far beyond the stable fluidised bed state, and the grains
would be forcibly ejected. In other words, it would
seem that a stable fluidised bed, producing flowing
dust, may not now be possible on the moon, and if the
gas flow can detach the grains at all they will burst out
to form a ballistic cloud. Assuming that it is ejected
at less than escape velocity, each grain will fall back
under gravity and either hit the surface or be levitated
by continuing gas emission. When the gas flow ceases,
the grains wifi fall under gravity and would re-out-gas
within a few minutes of the pressure falling below
iO
torr, or so.
A stable fluidised bed would therefore only be possible if an initial disruptive burst of gas, sufficient to
detach the grains, were followed by a long period of
reduced flow just sufficient to support the grains of the
bed and of the surface cloud that would form over it
with an external near-vacuum. However, the amount
of gas required to maintain this fluidised bed would
probably
It requires
much less far
gasexceed
merelypresent-day
to sustain asupplies.
dust cloud
capable

of just obscuring the surface. Furthermore, the fluidised bed itself would not cause obscuration as it would
follow the surface, and its attendent surface cloud
would probably not be deep enough either; probably
only the initial ballistic cloud would be effective,
Nevertheless, even the surface cloud would probably
cause a temporary change of albedo, and might be
seen as a transient event involving a brightness change
without obscuration; but for any brightness change
ascribed to a high-albedo dust cloud (e.g. Fig. 4A) to
leave no permanent change (and none has ever been
seen), the dust must settle back afterwards to re-form
the initial surface complexity characteristic of dust in
a very high vacuum. This will be further discussed later.
As the flow of gas through dust, under lunar conditions, appears to be the key process in trying to understand transient lunar events, we will now consider this
in more detail. Three different flow regimes may be
involved in different regions:
(1) The stable fluidised bed, described by Ergun’s
equation (see, e.g., Davidson and Harrison, 1963); in
this situation levitation,with slight expansion, just
occurs when the pressure drop through the layer, h.P,
equals the weight per unit area. Thus, z~.P= gpt 0.4
torr per centimetre thickness t (for dust of density
p = 3,000 kg m3, and with g for the moon = 1.62 m
~_2). However, this ignores the molecular adhesion of
the initially out-gassed grains, which may be several
hundred times their weight, suggesting that a pressure
of hundreds of torr per centimetre depth would be
needed to start the process.
(2) For grains blown up to form a cloud, Stokes’
law will hold, as long as the mean free path for the
gas molecules is much less than the grain size say
1/10; e.g. for H
2 at a pressure of 1 torr this would apply to grains of more than about 10 ~zmdiameter. in
the Stokes region, the drag force tending to carry the
grains upwards with the gas stream is proportional to
~aV, where i~is the gas viscosity (which is independent
of pressure), a is the particle diameter, and Vis the
gas velocity.
(3) For smaller grains, or lower pressures, such that
the mean free path is>> a/l0, streaming flow occurs,
and the drag force on a grain is now given by the rate
of loss of momentum by the impinging gas molecules
that actually
hitthe
it; this
force isPG
now
proportional
2, where
gas density
does
depend ontothe
pGaV
pressure. The result is that grains thrown up by the gas
—
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will tend to be carried with it, until the pressure falls
to a critical value which depends on the grain size: for
example, by Stokes’ law, the rate of fall of a grain in
H2, and therefore its rate of slip with respect to a vertical gas stream, would be 1 m in about 5 mm for a
10-pm grain, 9 h for a 1-pm grain, or 1 month for a
0.1-pm grain. This is independent of pressure, but as
the pressure is reduced, it only holds until the mean
free path has increased to about 1/10 of the grain size;
for H2 this occurs at a pressure of about 100 torr for
10-pm grains, 1,000 torr for 1-pm grains, or 10,000
torr for 0.1-pm grains. Below these pressures, the drag
force is much smaller, and also decreases linearly with
pressure; by these pressures, the fall rate is already
500—50,000 times its Stokes’ flow value, for 10—0.1pm grains, and thereafter it increases as the square
root of the pressure decrease. As the pressure near the
surface is likely to decrease rapidly with height, and
with time after the gas emission ceases, it seems probable that, as suggested earlier, the driving force on a
grain becomes negligible rather early in its trajectory
and that it is thereafter on its own in purely ballistic
flight, apart from rare collisions with gas molecules and
with other grains, and that gas levitation plays no further part. At high pressures, small grains are carried
with the gas more effectively than large ones, but for
small grains the pressure at which Stokes’ law breaks
down, causing the grains to be dragged along much
less effectively, is reached sooner, so small grains may
actually fare worse when the pressure is falling rapidly.
We saw earlier that a considerable force is probably
required to detach the initially out-gassed surface
grains, which are adhering to each other by Van der
Waals’ forces, and that the mere presence of gas does
not penetrate these bonds; a gentle seepage of gas
from the lunar surface, which may well occur, would
not therefore produce a dust cloud at all. For this to
happen it is probably necessary for the gas to be
trapped securely enough for it to build up the pressure
required to disrupt the adhesive dust layer. When the
pressure of the gas has built up to near the limit that
the surface can hold, its release may be triggered by
some tidal
or be
thermal
stress,
the detached
grains
would
projected
as and
discussed
above. Itdust
is also
possible that clods of dust might be thrown off, which
would not get very far; these would merely reduce the
effectiveness of the process, as they would not produce
a dust cloud, but the appearance of disturbances pro-

duced by astronauts and their vehicles suggests that in
fact the dust usually comes off as a fine spray. It therefore seems that the formation of a dust cloud at all
requires pressure rather than quantity of gas, but that
for the resulting dust cloud to last longer than the few
minutes required for the dust to settle ballistically requires either a continuing supply of gas or a sequence
of separate puffs, perhaps from different traps in the
same area, triggered by the same overall stress. This
pop-gun effect, whereby grain adhesion allows potential energy to build up as gas pressure, may be an essential mechanism for transient events to be visible.

5. Obscuration by dust clouds
The formation process for dust clouds on the moon
involves too many uncertainties for it to be practicable to calculate the energy required, on the basis of
the mechanics of formation. We can, however, do some
very simple calculations, based on the energy required
to lift enough dust to produce observable obscuration,
which should at least indicate the order of magnitude.
The simplest starting point is to say that a cloud of
dust will cause complete obscuration if there is instantaneously just one grain everywhere, in line of sight,
at some height. The contrast at which surface details
are seen will fall off continuously as the amount of
dust increases, and wifi certainly have reached zero by
this stage. In practice, the situation is much more complicated than this very simple approach: the resulting
contrast reduction will depend on the grain size in relation to the wavelength, and the contrast reduction
that amounts to obscuration will depend on the lighting conditions and on the actual contrast of the unobscured surface details. The scattering of light by dust
will be considered in more detail in Section 7.2, but
we will assume for now that about 1/10 of the above
amount of dust would cause significant obscuration
of lunar surface detail, as seen from the earth. This
will probably not be out by more than an order of magnitude, which is near enough to be useful.
2
One grain
everywhere
requires
about
2,000200
kg kg
km~
of 10-pm
grains,
of density
3,000 kg
m3(or
km~2of 1-pm grains, or 20 kg lrm2 of 0.1-pm grains),
SO we are assuming that 1/10 of this is required, i.e.
2—200 kg km2, depending on the grain size. As the
smaller grains are more effective scatterers of light, we
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will assume that about 10 kg km~2would be enough
to cause reportable obscuration. If we take the smallest
cloud likely to be noticed as being about 10 X 10 km,
then the minimumamount of material required is of
the order of i03 kg. The energy required to lift this
to a height of 10 m (about the minimum that would
obscure anything) is about i04 J. For comparison,
the energy associated with a large lunar seismic event
is in the range 102_lOs J (G.V. Latham et al.,
1972); it follows from this that one would expect
some correlation between observed obscurations and
seismic events. Even if the actual seismic event were
only acting as the trigger, the gas release itself ought
to produce a detectable seismic signal. There have
been some tentative reports of such correlation, but
as in all aspects of this investigation, it would be of
great interest to have more evidence,
The obscuration, thus started, would probably
need to last for a few minutes to be noticed; this
could happen either if a continuing gas stream levitated
the grains, or if they simply fell under gravity and were
replaced by dust raised by a further puffof gas. Taking the latter case as the simplest, dust projected to a
height of 10 m would take about 7 s to rise and fall,
so a continuing obscuration would require about eight
such puffs per minute, or a total energy of about iO~
A 5-mm obscuration, the shortest likely to 5beJ.noThis
ticed,would
therefore
involveofabout
5 that
i0 raised the
assumes
the worst
situation,
the gas
dust not staying long enough to support it; if the gas
molecules acquired sufficiently random directions of
motion by colliding with dust grains to form a diffusing cloud, as discussed earlier, then the amount of
energy required to maintain the dust cloud might be
at least an order of magnitude less.
These calculations have been for the smallest cloud
likely to be noticed. A larger cloud may be produced
either by a large number of gas sources distributed over
the area, in which case the energy required simply goes
up pro rata; or the same visible effect could be produced
by a single point emission of high-pressure gas forming
a single ballistic cloud of the required width, However,
as a ballistic cloud necessarily has a height 1/4 of its
width more energy is needed, as the dust is raised to a
greater height: e.g., a 10-km cloud involves giving ‘the
dust grains enough energy to raise them to a height of
2.Skm but they take nearly 2 mlii to go up and
come down again, so the nett result is that it requires
‘~.

-

—

about 16 times as much energy as the multiple-puff
ballistic cloud covering the same total area for the
same time. It is worse for larger clouds, as the energy
per unit area is proportional to the diameter, D, whereas the time taken is proportional to \/D.

6. Light emission from gas-borne dust clouds
It is well known that dust grains tend to charge up
electrostatically on collision with other grains or with
surfaces: large potential differences have been measured in desert sandstorms, and lightning discharges
have frequently been seen in clouds of dust and ash
ejected from volcanoes, as ifiustrated in Figs. 5 and 6.
We have already discussed the probability that observed obscurations on the lunar surface are caused by
gas-borne dust clouds; we will now consider whether
electrical discharge in these clouds is a possible cause
of the light emission sometimes observed in transient
lunar events.
Light emission from gas, without dust, has also been
suggested, and the spectrum obtained by Kozyrev (Fig.
2) was ascribed by him to the solar-excited emission
of the C
2 Swan bands in gas released from the central
peak of the crater Alphonsus;he also reported that
duringusual,
this time
the area
appeared
brightersuddenly
and whiter
than
and that
this extra
brightness
ended, whereupon another spectral exposure was started which did not show the emission bands. While it
seems convincing that this event was real, and that it
was bright enough to be visible, it is difficult to understand how solar-excited gas fluorescence could produce
the intensity required to make a significant difference
against the brightness of the sunlit lunar surface: the
efficiency of the process is low, and the sun’s output
is relatively low at wavelengths short enough to be
absorbed by the gas. It may be that the visible brightening was actually due to sunlight being scattered from
dust in the cloud. The presence of charged dust partides in the gas cloud might also contribute to the excitation of the gas emission shown in the spectrum; indeed, Kozyrev himself originally attributed a fall-off
in the violet part of the spectrum to the presence of
gas-borne dust, but he later withdrew this explanation (see footnote in Kozyrev, 1961, p. 367). It has
been demonstrated in the laboratory (e.g. by Mifis.
1970; and Fig. 7) that charged dust in h
2 at low pres-
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Fig. 5. A long-exposure photograph showing a large number of lightning discharges in the cloud of dust and ash over the volcano
Vesuvius, during eruption. (From Colemen, 1949.)
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Fig. 6.A. A drawing, from photographs, of the cloud plume over the volcanic island Surtsey, during eruption. B. An enlarged
drawing of part of (A), showing the positions ofa large number of lightning discharges. (From Anderson et al., 1965.)

sure (about 0.5 torr) can produce a glow discharge
showing the characteristic H emission spectrum; however, Mills finds that for this glow to be’ visible to the
eye, a darkened room is needed. It seems unlikely that
such a glow discharge would be visible by eye against
the sunlit lunar surface, although it might show up in

the spectrum because it is concentrated into a narrow
spectral band. It seems more likely that the visible effect reported by Kozyrev was produced by the scattering of sunlight by the same dust.
All the light-emission processes so far considered
have been of inherently low brightness; however, an-

Fig. 7. Apparatus to demonstrate the glow discharge excited by moving dust.
Dry sand in a glass globe containing H
2 at a pressure of 0.1—0.5 torr is disturbed as the globe is rotated, and a glow discharge is
seen.
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other process relevant to gas-borne dust clouds is the
possibility of lightning-type discharges. These would
occur between clouds with a nett excess of oppositely
charged grains, somehow separated, rather than between pairs of single grains. The important difference
is that the light emission intensity of a flash is now only limited by the amount of energy stored before discharge occurs, so we can now get away from the low
efficiency inherent in continuous processes such as
luminescence and glow discharge. Also, the emission
of the light as a number of discrete but unresolved
flashes is consistent with the description of the light
from some transient lunar events as “sparkling” (e.g.,
Herschel, 1787; Greenacre and Barr, 1963); the red
colour these observers all reported is consistent with
the discharges having occurred in H2, which is likely
to be the most abundant gas. Middlehurst (1968) also
records that both Halley and de Louville saw what
they described as “lightning” on the face of the moon,
during eclipses,
For this explanation to be plausible, there must be
a charging process, a charged-cloud separation process,
an energy storage process, and the necessary conditions
for electrical breakdown of the gas.
6.1. The charging process
Frictional electrostatic charging of dissimilar dielectric solids is well known. However, measurements in
sandstorms, and laboratory experiments with sand
grains, have shown that when dielectric grains even of
the same material, but of different sizes, collide, then
they tend to acquire opposite charges, the larger ones
becoming positively charged. This seems to be because
ion mobility increases with temperature, so any temperature gradient tends to produce a charge gradient.
In a collision between two grains of different sizes,
the heat generated causes a bigger temperature rise for
the smaller grain, because of its smaller thermal capacity; the resulting temperature difference between the
grains therefore causes a charge transfer during their
brief contact. This charging mechanism is discussed by
J. Latham (1964) in relation to sandstorms, with many
references to observations and to laboratory experiments. Fig. 7 shows apparatus inwhich agitated sand
produces a glow discharge in low-pressure gas; radio
interference from sandstorms also suggests that electrical discharges are taking place. There is no doubt

that lightning discharges are commonly associated with
the cloud-plumes of ash ejected by volcanoes; Figs. 5
and 6 show examples, and the process has been discussed, for example, by Hatakeyama and Uchikawa
(1951) and by Anderson et al. (1965).
In the lunar surface layer there are grains both of
different materials and of all sizes down to the submicron range. There is no obvious reason why the
charging process proposed should be affected by a low
ambient pressure, although little work has been done
on this. It therefore seems reasonable that agitation
of the dust, during cloud formation by a release of gas,
should result in charging; certainly the dust thrown up
by the astronauts and their vehicles behaves as if
charged. It is also true that some of the grains will already have been charged photoelectrically while on the
surface, but as this can only affect the thin layer of
grains actually exposed on the surface it is unlikely to
make a significant contribution to the charge in the
cloud.
6.2. The charged-cloud separation process
For a lightning-type discharge to take place, it is
necessary to generate a large potential difference. It is
not enough to have individual charged grains it is
necessary to have a large accumulation of charged
grains, in two separated clouds or zones, one with a
large excess of positive charge and the other of negative charge. Ifthe dust grains are being borne aloft by
a gas flow, then their terminal velocity with respect to
the gas flow depends on their size, whatever the flow
regime, i.e. the smaller grains are carried up faster, and
therefore further, than the larger ones; as they also
tend to be oppositely charged, it is possible for the required separation of cloud zones of opposite nett
charge to be produced. This explanation is consistent
with the observation that the negative charge is usually
uppermost in volcanic clouds.
—

6.3. The energy storage process
The energy of charge separation will accumulate,
providing the rate of charge separation exceeds that of
recombination and other losses. It will do so until the
potential difference reaches the minimum for a discharge to occur, whereupon all the stored energy is
released. The energy is stored initially as potential ener-
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gy as the pressure that builds up in the gas before its
release from the lunar surface; the amount of energy
that can be stored in this way and ultimately the intensity of the light flash is presumably increased by
the strong forces of molecular adhesion between the
initially out-gassed grains, which would greatly increase
the pressure required to break through. Observers have
reported areas of sparkling light, lasting a few minutes;
this may be because many such pockets of gas are released at different places and times, but triggered by
the same overall stress and giving one flash each during
the event.
—

—

—

6.4. Conditions for discharge
The necessary conditions for discharge are given by
Paschen’s law, as illustrated in Fig. 8. The graph relates
the minimum potential difference required to cause a
breakdown, to the product of the ambient gas pressure P and the electrode separation S. As PS is reduced,
there comes a value, of about 1 torr cm, at which the
required potential difference reaches a minimum, of
—
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about 300 V; both of these values depend somewhat
on the gas, as indicated. If PS is further reduced, the
required potential difference increases sharply, and a
discharge soon becomes virtually impossible. The cxplanation for this is that the electrode separation has
become less than the mean free path of electrons in
the gas, and as electrons will now on average cross the
gap without collision,the avalanche required for a discharge cannot build up.
In the lunar case, the supposition is that the parts
of the cloud containing larger and smaller grains respectively are increasing their nett charges of opposite
sign, and also getting further apart vertically, at the
same time as the ambient pressure is dropping. If, as
seems likely, the pressure is falling faster than the
separation is increasing, then PS decreases with time
(and the potential difference required for breakdown
therefore also decreases) at the same time as the actual potential difference is building up, so the conditions for a discharge may be attained. As the optimum
value of PS is about 1 torr cm, if the pressure is to be
sufficient to levitate the grains it seems probable that
this discharge process would take place rather near to
the surface say within a few metres.
The emission spectrum of a lightning discharge is
partly that of the ambient gas and partly that of vapourised “electrode” material, with the gas dominant above
the Paschen minimum and the electrode material below it. The red colour associated with the “sparkling”
transient events is consistent with 112 or He, which are
in any case the gases most likely to be present at sufficient pressure. J.A. O’Keefe (1970, and personal cornmunication, 1970) has pointed out that all the visible
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Fig. 8. A specimen curve (not to scale) illustrating Paschen’s
law — the relationship between the minimum breakdown voltage required for discharge, and the product of ambient gas
pressure and electrode separation. The numerical values are
different for different gases, and some examples of those for
the mininium point are given. For more complete data, see
Gänger (1953).
‘

emission lines ofboth atomic and molecular hydrogen involve levels that are at least 10 V above the ground state.
This virtually excludes solar excitation, at least as far
as the most abundant gas is concerned, as the solar
output at or above this energy is much too small to
produce the necessary intensity; on the other hand,
electrostatic discharges evidently involve at least 300 V.
We therefore conclude that the occurrence of lightfling discharges in gas-borne dust clouds is a possible
mechanism of light emission, consistent with the reported appearerice of some transient lunar events. As
the intensity produced depends on a storage process,
,

.

.

the mechanism cannot be dismissed on efficiency
grounds as producing light too faint to be seen from
the earth, as can all the other luminescence and gas-
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emission processes. The primary energy storage process
appears to be that of attaining the gas pressure required
to burst the surface, and this is followed by its conversion into electrical energy by charge separation. Unfortunately, this proposed mechanism does not lend itself to laboratory demonstration, because the absolute
scale is crucial just as one cannot simulate an ordinary thunderstorm in the laboratory. One can only do
experiments on details of the process, and observe it
on a large scale in volcanic clouds, albeit at a very different ambient pressure.
—

7. Modulation of sunlight
For transient events involving brightness changes,
and occurring on the bright side of the moon, we can
consider ways in which reflectedand scattered sunlight might be modified in intensity. This gets away
from the low efficiencies inherent in surface emission
processes such as luminescence, although it is of no
help in explaining dark-side events. It is convenient to
subdivide the possible mechanisms into two types,
which may in practice occur either separately or together: (1) those involving agitation of fine surface
dust; and (2)~thoseoccurring in dust clouds.

viewing angle, but could be as much as 100%. No
colour changes were observed, and the settled powder
retained its increased reflectivity when the vibrator
was turned off. Unfortunately, therefore, it is not
clear how a transient brightening on the moon could
be achieved: any area thus brightened, possibly by
seismic agitation, might be expected to remain bright
afterwards, unless the effect of the ultra-high vacuum
environment was to re-form the “fairy castle” structure very quickly.
The effect of a percolating flow of gas, rather than
mechanical agitation, on the reflectivity of a finely-divided dark-coloured powder has been investigated by
Purser (1973). His general findings are summarised in
Fig. 9, which shows four stages of the process:
(1) The initial state, with a static bed of dust,
roughened and ridged with a spatula as in Garlick et
al.’s experiments.
(2) Fluidisation by a gentle flow of gas through the
bed, whereupon the reflectivity rises as the surface becomes smoother.
(3) More vigorous disturbance by a stronger flow
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Garlick et al. (1972) were the first to point out that
all that was required in order to generate a comparatively bright patch on the moon was to increase the
albedo of that locality, perhaps by physical disturbance. The normal lunar regolith owes its remarkably
low albedo partly to the “fairy castle” structure assumed by fine dust settling under ultra-high vacuum
conditions, and if this could be broken down, and the
dust smoothed out, its reflectivity would tend to increase.
Garlick et al. tested their hypothesis by first measuring the reflectance of Apollo-14 lunar dust in a
static condition and “roughened” with a spatula although the experiment was conducted at atmospheric
pressure, so true “fairy castles” could not be built up.
The powder was then vibrated mechanically, whereupon it became “fluidised” and the smoother surface
showed the expected rise in reflectance. The magnitude of the increase was strongly dependent on the
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Fig. 9. Variation of reflectance with angle for a dark powder
(densified lampblack), static and agitated:
(1) Initial condition: roughened and static.
(2) Fluidised by a gentle flow of gas.
(3) Vigorously agitated by a stronger flow of gas, and covered
by a thick cloud of the disperse phase.
(4) Final condition: smooth and static. (After Purser, 1973.)
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of gas, sufficient to produce a “boiling” bed covered
by a dark cloud of the disperse phase; this results in a
nett diminution of the scattered light at all angles of
view,
(4) The final state, after stopping the gas flow had
allowed the bed to settle down into a smooth, static
layer. This shows the highest reflectivity of all, of up
to 80% above that of the initial roughened condition.
These experimental results are in general agreement
with those of Garlick et al., in showing that gentle agitation produces an increase in reflectivity; however,
they also show that more violent agitation actually reduces the reflectivity again. They confirm that the
final result is a permanent increase of reflectivity, thus
also failing to reproduce a transient event. However,
this does not necessarily eliminate this process as a pos
sible explanation of some lunar TLE’s: it is possible
that if these experiments were repeated under ultrahigh vacuum conditions, then the complex grain structures required to give a low surface albedo might be reformed after the disturbance.

-

mathematical analysis of the general case of scattering
by irregular and mhomogeneous particles has not yet
been achieved; it has been carried out for homogeneous
systems of isotropic dielectric spheres, and even in this
restricted case the behaviour is complicated (Mie, 1908;
van de Hulst, 1957). Sinclair and La Mer (1949) have
used Mie theory to calculate the total scatteringcoefficient for particles of various refractive indices,and of radii
up to 1 pm. Some of their results are reproduced in Fig. 10,
where the ordinate is the scattering coefficient K, defined
as the ratio of the effective to the actual cross-sectional
area of the particle; the abscissa is fundamentally in
units of a, the circumference of the particle in wavelengths, i.e. a = 2irr/X (where r is the particle radius
and X is the wavelength). Scales are also given of r for
X = 0.524 pm, and of X for r = 0.3 pm. These curves
are evidently complex, with several peaks, and K may
6
~
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7.2. Scattering of light by particulate clouds
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The way
which light
is scattered
by a cloud
particles
is a incomplex
phenomenon
producing
twoofobservable effects colouration and polarisation. The result depends strongly on the particle size.
For particles of molecular size the scattered light is
characterised by strong colouration. Rayleigh (1899)
showed that, for particles that were considerably
smaller than the wavelength of the incident light (say
<X/lO), the intensity of the scattered light varies as
i/X4, and the dominant process is diffraction. For partide sizes much greater than a wavelength reflection
dominates diffraction, the scattered light appears white.
If the particles are actually coloured, their absorption
complicates the situation.
The scattering induced by very fine particles of intermediate size, as in smoke, was examined by Tyndall
(1869) and by subsequent workers. It is known from
their experiments that, in general, as the size and sizerange of the particles increase from the molecular
through the colloidal domain, the scattered intensity
becomes less strongly wavelength dependent;i.e. it is
proportional to l/Xx, where x decreases progressively
from its Rayleigh value of 4. The colour of the scattered light therefore becomes less saturated. Complete
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be as high as 5 for certain values of a i.e, the partides may act as having five times their actual areas,
If the particle size range is small, then K oscillates with
wavelength, but if the size range is comparable to the
wavelength range of visible light (—~2: 1), the colour effects tend to be washed out, and the scattered light
tends towards white.
Some specific features and consequences of these
actual curves are:
(1) For values of a to the left of a maximum, the
scattering coefficient decreases as the wavelength increases, i.e. the transparency increases with increasing
wavelength; the transmitted light will therefore be
reddened, and the scattered light will be bluer.
Rayleigh scattering is reached in the limit,
(2) For particles large enough to put a to the right
of a maximum, the converse applies: thus a cloud of
fine volcanic dust in the atmosphere can make the sun
or the moon appear greenish or blueish.
(3) If the range of radii is narrow, and such that a
corresponds to a peak for green light, then the transmitted light may appear magenta.
Experimental results with smokes and colloidal suspensions are in fairly good agreement with the theoretical curves. Particularly strong coloration is observed
when the size range is narrow; the different colours
present are at their brightest at specific angles, which
amounts to angular dispersion as for spectra. Johnson
and La Mer (1947) called this effect “higher-order
Tyndall spectra”. All these colour effects are discussed
in detail in books by Middleton (1952) and by Green
and Lane (1957), where it is further emphasised that
the saturation and brightness of the colours both increase with uniformity of particle size.
The main restraint on the extension of the theoretical analysis by Mie and van de Hulst to more realistic
situations was the formidable amount of computation
involved; however, considerable progress has been
made in the last few years, now that large computers
are generally available. The results reinforce the conclusion that scattering effects of this type, occurring
in temporary gas-borne clouds of fine lunar dust of a
rather narrow size range selected by gas levitation might
be responsible for some of the weakly coloured transient events that have been reported (Rawlings, 1967).
Scattered light also tends to be polarised, in agreement with classical theory, the degree of polarisation
reaching 100% in a direction perpendicular to the mci—

dent beam if the particles are small compared with the
wavelength. Iflarger particles are present, the degree
of polarisation diminishes, and for anisotropic particles
the direction of the maximum may become oblique to
the incident beam; “neutral points” of zero polarisation may appear, on opposite sides of which the light
is polarised in planes at right angles to each other
(Tyndall, 1869; Green and Lane, 1957). Eventually,
when the particles are so large that the scattering becomes specular, all polarisation vanishes as for
white cumulus clouds.
Some lunar polarisation anomalies have been reported (Dzhapiashvili and Xanfomaliti, 1966); transient polarisation effects probably imply temporary
dust clouds, and may be a sensitive method of detecting them. It would therefore be useful to include
polarimetry in any observational program for the
investigation of transient lunar events.
—

-

8. Conc1~ions
We have considered a number of physical processes
that could in principle cause transient changes on the
lunar surface. However, some of them do not seem
likely to produce effects that would be visible from
the earth.
The most likely explanation of events involving obscuration of surface detail is that gas emitted from the
surface raises clouds of surface dust. The dust grains
may be levitated by continuing gas emission, or they
may simply be in ballistic flight after initial projection
by the release of trapped gas.
For events involving an increase of brightness,
luminescence, including thermoluminescence, seems
to be far too faint to be seen from the earth; incandescence could be seen, but is very unlikely to occur. The
only emission process that cannot easily be dismissed
on efficiency grounds is that of lightning-type discharge, and we conclude that the conditions required
for this to take place could just about be met in lunar
dust clouds raised by gas emission. Such a process may
be consistent with reports of sparkling red light, and
of flashes.
The other type of effect that could produce visible
brightness changes involves modulation of incident sunlight, rather than emission; this could occur if the
albedo were changed by disturbing surface dust, for
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example by gas emission. For the change to be transient, the dust would have to settle back to its previous
complex structure; it might well do this under highvacuum conditions, although laboratory tests have so
far only been conducted at atmospheric pressure, and
these did not show a return to the original low albedo.
The theory of the scattering of light, especially by
particles of rather uniform size, provides a possible explanation of some colouredbrightness increases as being caused by sunlight scattered by dust clouds.
To sum up, all the types of transient event reported,
if indeed they occur on the moon at all, seem to be
best explained in terms of various physical processes
that may be associated with dust raised by gas released
from the lunar surface.
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