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3.13. Magnitude distributions—In finding N (eq. [1]) from an observed
(0, there is considerable uncertainty in the value of the factor F, which,
among other things, is affected by the percentage of faint meteors missed
by visual observers. In determining F, there is less extrapolation if one can
work from group counts which include magnitude estimates of every me-
teor rather than from rates determined by a single observer. The Canadian
visual meteor observations made since 1933 have been planned chiefly on
the basis of group counts, with emphasis on careful magnitude estimates.
A recent study by Millman and Burland (Millman, 1957) of 30,000 visual
meteors recorded on the Canadian program has emphasized the danger of
making too little allowance for faint, unrecorded metcors.
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The Ottawa results indicate that a team of six observers plotting will
report meteors over the whole sky fairly completely down to zero magni-
tude but may see only 60 per cent of the first-magnitude meteors, 25 per
cent of the second-, 10 per cent of the third-, 2 per cent of the fourth-, and
less than 0.5 per cent of the fifth-magnitude meteors. These figures lead to
the values of the factor F listed in Table 5, where a perfectly clear, dark
sky is assumed.

Opik (1922) concluded that a single observer will see all the second-
magnitude meteors in his field of view (taken as 80° in diameter), 90 per
cent of the third-magnitude objects, 50 per cent of the fourth-, and 8 per
cent of the fifth-magnitude. Using these values, Watson (1956, p. 92) has
produced a table showing the relation between the numbers of meteors
observed and those actually encountered by the earth. On the basis of this

TABLE 3
FACTOR F

Limiting Apparent
Magnitude m Down
to Which ¥ Is

Limiting Apparent
Magnitude m Down
to Which ¥ Is

Corresponding
Absolute Factar I
Magnitude M

Corresponding
Absolute Factor
Magnitude M

Counted Counted
B g rveampsmstass -0.2 1.0 5 L +2.8 5
L) s e +0.8 1.5 ARG +3.8 12
L T +1.8 2.5 L +4.8 30

table, F is approximately 3, counting down to apparent magnitude S.5.
However, the philosophy here is somewhat different from that developed
above, and the factors F, g, and f; are not treated in the same way as for
group counts. The single observer is assumed to be observing an area in
the zenith, 80° in diameter, and not the entire sky, as covered by a group.
It should also be pointed out that the relative numbers of meteors re-
corded for various magnitudes may vary from program to program. For
example, a comparison of Watson'’s table with the Ottawa results gives the
observed percentages for meteors of various magnitudes shown in the ac-
companying table. It is obvious that no one standard set of reduction

APPARENT MAGNITUDE

<0.5 1 2 3 4 5

Watson... ... 3 5 12 27 38 15
Ottawa. ..... 13 18 26 27 13 3
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factors can yet be given for extrapolating to the actual numbers of faint
meteors encountered by the earth.

The determination of F depends, to a great extent, on the value adopted
for the ratio 7. It is possible that r varies considerably over wide magnitude
ranges, but it seems unlikely that there are any abrupt changes or sudden
discontinuities in this parameter for the range covered by visual observa-
tions. It has been customary to assume r roughly constant over an ob-
served range of 5 or 10 mag. :

T T T T T T T T
log

4 2 ISP VA S

o

1 | I
-6 -4 -2 0 2 o4 Mm +6

F16. 7.—Logarithm of the relative numbers of metcors IV, observed down to various magni-
tude limits, plotted against the absolute photographic magnitude at maximum brightness
Mpm. Reduction of the visual data to photographic magnitudes was carried out by using a
color index that varied from —1.8 to —1.1 (see Sec. 3.14). Heavy dots: 10,287 meteors observed
visually at Ottawa as reported by Millman and Burland (Millman, 1957). Open circles: 1842
meteors observed telescopically at the Skalnaté Pleso Observatory (Kresikov4 and Kresédk,
1955). Small dots: 241 sporadic meteors observed photographically with the Super-Schmidt
cameras at the Harvard stations (Hawkins and Upton, 1958).

Data from three representative observing programs have been repro-
duced in Figure 7, where the logarithm of the relative numbers of meteors,
N, observed down to various magnitude limits is plotted against the
absolute photographic magnitude at maximum brightness, M ,. (see Sec.
3.14). The visual and the photographic observations give very nearly the
same slope for the straight line relating N to M., but the telescopic ob-
servations give a smaller slope, even though the significant part of the
curve refers to meteors of about the same absolute magnitude. It is pos-
sible that the discrepancy arises because of undetected errors in the reduc-

g e e e AR A S s it e S B
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tion factors employed or a difference in the magnitude scale used by the
telescopic observers.

Representative visual determinations of r are listed in Table 6. With the
exception of results given by Williams from observations made by the
American Meteor Society and by Levin for shower meteors, values of 7 for

TABLE 6
VisUuAL DETERMINATIONS OF ¢

Range of My 4
No. of | Naked Eye (V) )
Reference " Used To r. Rematks
ehe Meteors | Telescopic (T) Derive r 5
Hoffmeister (1931).......] 4478 | . V 0to-+4 | 3.5 An(s;lgy;z;}d by Watson
Watson (1937).........0 621 V+T 0to+47 | 4.0 | High-velocity objects
observed by Opik
and Boothroyd
Watson (1939).......... 187 . T +1to+49 | 2.7 Tellgsacapic aperture
mm
Williams (19398)........ 7384 v 0to-+2 | 2.3 | Restudy by Millman,
using wider mag.
range gives r=3.9
Williams (19390)........ 659 T +3to-+7 | 2.3 | Telescope aperture 50
mm
Kresfikovi and Kresik
(1955 s Lol 1842 T —2 to+4 | 2.5 | Binocular telescope
aperture 100 mm,
1947-1953
Opik (1955a, 19580)...... 20,000 Y 42 to+5 | 3.0 | Arizona expedition
Levin (1955) . ........... 3615 Vv S 2.8 | Mean value for mete-
Ly ors from major
showers
Millman and Burland
(Millman, 1957)....... 20,033 v —6to0( 3.8 Griagl'.;p counts 1933-
41
Millman and Burland
(Millman, 1957)....... 10,287 v —6to 0] 3.5 Grzau) counts 1947-
956 :

meteors observed with the naked eye lie in the range 3.0-4.0. In his analy-
sis Williams omitted all bright meteors and did not make enough allow-
ance for the faint meteors missed by the observers. A restudy of his
smoothed data gives r = 3.9, in agreement with other determinations.
Shower meteors tend to show individual peculiarities. Hawkins and Upton
(1958) find r = 3.44 as derived from the photographic magnitudes of 300
sporadic Super-Schmidt meteors, the range of M/ used being =2:to +-1.
The evidence from the telescopic meteor observations indicates that
r < 3 for meteors near absolute magnitude +5. Determination of r for
faint meteors is complicated by scale factors and the cffect of trail length .
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on the number of meteors seen in the telescope field. Hence it is difficult to
calculate the ratio with any precision.

An independent method of finding 7 comes from a study of the elevation
distribution of all meteors plotted over the visible hemisphere. Since me-
teors near the horizon have their apparent luminosity cut down by dis-
tance and absorption, meteors seen low in the sky are, on the average,
intrinsically brighter than those seen in the zenith. A high value of r means
fewer bright meteors and hence fewer seen at low elevations relative to
those overhead. The distribution of meteors over the sky as observed by
groups of 4-8 members is fairly constant and agrees with the theoretical
distribution calculated by Millman and Burland for meteors with r in the
range 3.5-4.5 (Millman, 1957). By means of the same type of analysis, the
distribution of meteors photographed with a Harvard patrol camera gave
a value of 7 near 3.5 (Millman, 1935a). The distribution in elevation of
the telescopic meteors reported by Kresakovd and Kresik (1955) suggests
an 7 well below 2.5, but in this case it is difficult to be sure that all eleva-
tions were searched uniformly.

To summarize, we can take? = 3.7 as the best mean value for the abso-

lute magnitude range —6 to 417 For fainter meteors the ratio seems to
drop, possibly reaching a value as low ag(2.5/for meteors of absolute mag-
nitude/+5. The small amount of observational evidence available to de-
termine values of 7 for +5 < M < -+ 10/suggests that 7 is app}:g;iim@}ely
2.5“However, it must be remembered that values for faint mieteors are
very uncertain because of our inability to estimate accurately the numbers
of objects missed.

In computing & from telescopic meteor observations where the field of

‘[i) view is large—of the order of 60°~90° diameter, say—we can assume that

the coefficients of perception for the meteors seen in the telescope field are
somewhat similar to those for a single observer without instrumental aid.
Hence, for apparent telescopic magnitudes a given amount brighter than
the telescopic limit, we use the value of F corresponding to naked-eye
meteors the same distance above the visual magnitude limit. The effective
magnitude limit for telescopic meteors is generally taken as 2 mag.
brighter than that for stars' seen with the same instrument. The effective
factor f to be used with telescopic meteor rates will be that for a single
observer (i.c., 3.5) multiplied by the square of the magnification of the
telescope.

As noted carlier, to determine g, it is necessary to assume mean heights

1 The limiting visual magnitude for stars is 1.8 + 5 log e, where ¢ is the aperture of the
telescope in millimeters.

|
i
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for all meteors and to take a standard visual absorption-curve for the
atmosphere. The mean heights adopted ranged from 75 km for meteors
with M = —5 to 90 km for meteors with M = +2. A uniform height of
90 km was assumed for all fainter meteors. The value of g is not particu-
Jarly sensitive to the choice of height. The standard absorption-curve was
taken from a paper by Millman and McKinley (1956). Values of g com-
puted for various values of the ratio r are listed in Table 7.

The difference between the factors for naked-eye and telescopic obser-
vations arises chiefly from the difference in the methods of sweeping the
sky. It has been assumed, on the one hand, that in the naked-eye counts
all parts of the sky are covered equally, area for area, and, on the other
hand, that in the telescopic programs there is a uniform sweeping from
horizon to zenith—in other words, that all elevations are covered equally.

TABLE 7
THE VALUE OF §

Naked eye

Telescope. ... -

In the case of Opik’s single observer covering a field in the zenith, gfi =
0.45. E

The total daily numbers of meteors encountered by the earth have been
estimated by several investigators, following a line of reasoning roughly
similar to that given above (Astapovich, 1935; Watson, 1956, p. 92; Mill-
man, 1957; Hawkins and Upton, 1958). For the brighter visual meteors,
these estimates are in fairly good agreement and give an average value of
10° meteors down to 0 absolute magnitude (i.e., brighter than magnitude
limit 4-0.5) encountered by the earth daily.

For the fainter meteors the estimated numbers differ more, as they vary
with the allowance made for objects missed in the recording. Down to an
absolute magnitude limit of +5, the total daily numbers have been esti-
mated in the range 5 X 107to 5 X 108, Tentatively we can adopt 2. %K 108
as a conservative estimate of the daily world total for meteors down to the
fifth absolute visual magnitude. Application of the relevant factors to the
telescopic rates listed in Table 4 gives us 2 X 10' meteors as the daily
world total for meteors down to absolute magnitude -+10. This agrees

708 PETER M. MILLMAN AND D. W. R. McKINLEY §3

with the estimates for the brighter meteors on the assumption of r = 2.5
in the range of magnitude +5 to +10.
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Sodium emission from
long enduring meteor trains

OnE of the more perplexing atmospheric emission phenomena
is the occurrence of long enduring visual meteor trains which,
on Tare occasions, are observed to persist for about 1 h.
The mechanism responsible for the long lived luminosity is,
however, elusive. Chapman! suggested that a source of night-
time train luminosity is to be found in the store of recombina-
tion energy of free atmospheric atomic oxygen. He envisaged
the role of Na atoms as continuously catalysing the trans-
formation of atomic oxygen to molecular oxygen by sodium
monoxide (NaO) formation so that the dissociation energy
of O, was converted into sodium light with the aid of the
wmospheric species O, and Q.. Here I examine the energetics
of the sodium process and estimate the associated train lumino-
sity.

- The complete sequence of reactions is,

where the specific transitions are

fres

Nal(3p *Py,%) — Nal(3s S,,,) 2.5,895.92 A D,
" Nal(3p Py,") — Nal(3s 2S;;,) 1.5,889.95 A D,

At meteoric heights the atom interchange of NaO and O, to
orm NaO, or Na will be negligible.

When Chapman made his proposal the energetics of the
Wrious processes were not accurately known and, in particular,
the exothermicity of reaction (5) was in doubt. Uncertainties
Tose because of the difficulties of measuring the dissociation en-
7Y, Dy°(NaO), of the NaO molecule in the laboratory. Since
e exothermicity of reaction (5) for producing the ground
Tate sodium atom, Na(?S), is given by Dy°(0.)— Dy°(Na0),
fen with D,°(0,) = 5.11 eV the bond energy of NaO for
" production of excited Na(®*P) (2.10 eV) must be D °(NaQ)
$66.2 kealorie mol— (3.0 eV), Although early studies indi-
dled a lower limit to Dy°(NaO) of 72 kcalorie mol L, theoreti-
1 and experimental work? has confirmed the value 60.3+
§*0kcalorie mol 2, corresponding to 2.60-£0.2¢eV, making
-'?Ction (5) exothermic by 0.4L0.2eV. The branching ratio
" reaction (5) to yield -ground state Na(*8) or excited Na(2P)
Yunknown.

Using the model that a solid meteoroid of mass ~ 30 g and
I‘_]UCity 40 km s ! will produce a meteor with visual magnitude
“about —S5, published ablation data® can be extrapolated
“h that at zenith angle 30° the meteoroid will deposit

"fiyopr_li:_:\ atoms of linear density ~4x10% cm-% With an
|AEREL om Uyq,
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) NaO,+0(*P) — NaO(X?r)+ 0,(X°E ) @
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atomic abundance for Na of 0.5% (ref. 4) the line density of
deposited Na atoms becomes an, = 2x10* cm~', The frac-
tion of these lost in forming Na~ by collisional ionisation is
small at the velocity of meteors.

Exiensive observational data show that the heights of long
enduring visual trains are confined to §5-90 km. With a mole-
cular diffusion coefficient at the lower height for Na atoms of
4.2 m*s™! and a radius, r, at time ¢ of the radially expanding
Na column given by r* = 4D¢ such a train will remain un-
resolved in a transverse direction by the naked eye for about
20 min. In such circumstances in the absence of turbulence and
for an optically thin medium, the light intensity [ is simply the
sum of the quanta from all excited Na atoms in a cross section
of the meteor train of unit length. Not only will atmospheric
atomic oxygen of number density [O,] take part in the various
reactions but also meteoric atomic oxygen of density [Oml.
With a meteoroid oxygen abundance of about 50%, then for a
—5 mag meteor oo = 2.5 10" cm L. For ease of computation
let all species have a common diffusion coefficient and treat
atmospheric oxygen as a sink, then the set of equations des-
cribing the number densities of species may be written (rep-
resenting, for convenience, number densities simply by the
species symbol)

2 No DV*Na+k, NaO.(0,, ~0,)—k,.Na.0,
2} —k3.Na.0y.N;—k..Na.(0,+0,).N,

? Nao — DV*N2O+4,.Na.0 -+ ks Na(O,+0,).N,
gk +4N2a0..(0,+0,,)—ks.Na0.(0,+0,)

-~ Vo= ...-C.:.‘_ =

c
%= On = DV20,—k,Na.0,.N,
—kN20,.0,,—k;.Na.0.0,,

I =Zdjdt [Na(ﬂPJ} = Lk;. Na0.(0,—0.)
photons s ™' cm -1

where V# is the Laplacian operator in cylindrical coordinates,
and an initial meteor train radius of | m is assumed. Such a set
may be solved using an implicit finite difference scheme®. Na
atoms are continuously cycled and no overall night-time
chemical loss of Na is included. The loss-lifetime from Na+*
formation due to charge exchange with atmospheric O.* and
NO~ will be of the order of 10° s. Some initial charge transfer of
Na atoms with ions of atoms with higher ionisation potential
(such as Si, Fe, Mg} might be expected. Since the initial metal
ion abundances are, however, generally rather less than those
of Na atoms, no significant loss will occur. 3 AR
5 AR e

Of the reactions (1)-(5) only the three-body association
(reaction (3)) seems to have been studied in the laboratory and
thus is the only one for which direct measurements of rate
coefficient are available. For 7 = 200 K, and height = 85-90
km we adopt (from ref. 6) k; = 2.0 1032 cmf s, Rate co-
efficients which appear in the literature for the other reactions
are based on the values for similar processes involving N and H
and we use® the following; k; = 10733 ¢m?s—t, k, = 10~
cmfs, by = ky; = 10~ cm?®s~1. Uncertainties of a factor of

three might be expected in all rate coefficients. The rate at which
T

X RRT
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the whole chemical cycle proceeds is determined mainly by
reactions (1) and (3) and therefore in part by the concentration
of the minor atmospheric species, O,. Using the first direct
mass spectrometer measurements’ (obtained during early even-
ing) we used densities of 8:<10® and 3% 10®* em~3 at 85 and
90 km respectively. The night-time densities of oxygen used
are 3x 10" cm~? at 90 km, and 7 10" cm~? at 85 km. The
main gas densities (cm ~3) used are [N.] = 1.2x 10" and 5.0 ¢
10'* em~? at 85 and 90 km, and [0.] = 3.2:<10"** and 1.3x
10'* cm = at 85 and 90 km respectively. Solutions of the set of
diffusion equations were computed (see for example Fig. ).
The emission for #+<0.1s is caused by the effect of the large
initial meteoric O,, concentrations and the associated emission
decay by the subsequent rapid diffusion of O,. For times up to

T LA IR LR AR |

R BRI

pl
T=T T

85 km

%

T |

90 km

%+
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than this limit is a factor of 13 smaller than the observed fr.
quency of trains of duration in excess of 30 min. A large Dro-
portion of trains reported®, however, occurred during majo
showers particularly the Perseids and Leonids when the bright
meteor flux is several times larger than the sporadic flux.
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Fig 1 Solutions for the case of a metcor of approximately —5

mag occurring at heights of 85 and 90 km. Branching factor

S = 0.2. Ordinate is the photon emission rate, /, normalised to

the value of 410" photons s~! cm~!. Parameters used are:

ay, = 2% 104 em™Y, wop-= 2.5 % 10 ecm=}, Dy = 4.2 m*s—t

Dy, = 10 m*s~L An initial neutral atom radius of | m assumed
at both heights.

several hundred seconds while the train remains unresolved the
computed emission rates are 6.4:< 10" and 1.7 < 10" photons
s~ cm~! at 85 and 90 km respectively. The first potnt is how
this emission compares with the observed train luminositics,
Taking the estimate® of the minimum detectable emission for
the naked eye as 30 ergs~' cm~! and assuming that a clearly
visible train is 2 mag brighter than this limit, the required emis-
sion rate in the yellow is ~ 5x 10%% photons s~ cm ™!, indi-
cating that the computed emissions for a —5 mag meteor fail
by 7.0 and 8.3 mag. We infer that meteors of —12.0 and —13.3
mag could produce the required luminosity for 85 and 90 km
respectively. The second important point is how the frequency
of occurrence of such bright meteors compares with that of
long duration trains. Since about 1 in 103 visual metcors pro-
duces a train of duration exceeding 10's and with the observa-
tion that of those night-time trains of durations greater than
10s in the extensive records of Olivier® 1.5% had durations in
excess of 30 min, then, with an observed visual rate of about
10 h~%, it is inferred that the frequency of occurrence of trains
longer than 30 min for a single observer is about !.5: 10-5
h~ In comparison, the observed integrated flux!® of bright
meteors indicates that the occurrence frequencies of meteors
brighter than —12.0 and —13.3 for a single observer are 1.2 ¢
1077and 2.2 ¢ 10~ h ! respectively,

If every sodium oxide reduction reaction produces an Na
atom in an excited *P state (f = 1.0) then at 85 km a meteor of
about —10.25 mag is required to yield sufficient train lumi-
nosity. Though such bright objects certainly do produce long
enduring trains® the occurrence frequency of meteors brighter

Observations of eight
globular clusters at 2.3 and 4.7 pm

THEe Cerro Tololo infrared photometer! has been used to search
several globular clusters for infrared emission between 2.3 and
20 um, principally to seek evidence for the presence of dust.
Recently, more extensive observations using improved shon
wavelength instrumentation have been obtained at 2.3 and
4.7 pm. The latter observations were concentrated on two
groups of predominantly southern clusters: (1) two globular
clusters (NGC 6388 and 6441) rich in metals and suggested:
to be of particular interest for the detection of gas thought
to be lost from stars during the normal course of stellar evolu-
tion; and (2) six clusters with short core relaxation times and
large central densities discussed?® in connection with the possible
presence of massive central black holes in clusters associated
with X-ray sources.
The observations at 2.3 and 4.7 pm (with bandwidths of
0.37 and 0.60 um, respectively) discussed here were obtained
on two nights in June, 1975 using the 1.5-m telescope on
Cerro Tololo and an InSb detector on the dual-beamed phote-
meter which operates at 10 Hz with an 80% duty cycle. Each
cluster was carefully centred visually in the 10" aperture, after
which precalculated offsets to the edge of the cluster were used
to fix the starting point for a series of diametric drift scans.
Typically, 40 drift scans in right ascension per cluster at each
wavelength were obtained. As the fixed separation of 28.5" on
the sky between the two beams (normally the ‘star’ and ‘sky’
positions) of the photometer was less than the cluster diameter.
the drift scan technique actually measures an intensity gradient,
and data reduction was performed on this basis. The integration
time was set to equal the time to drift the beam separation
distance; each drift scan therefore can be thought of as a num-
ber of discrete steps. /
Table 1 lists the clusters observed, the number of scams
obtained at each wavelength, the steps per scan, the totdl
integration time per step, and the approximate apparent
magnitude of each object. As each spatially resolvable point
was effectively observed for only a relatively short time
(~ 1005s), the detection threshold of the measurements is nol
as low as could be achieved by observing a single cluste-
sky-point pair for a longer time. But, as one of the largest
uncertainties in the theoretical*? and observational (refs 4 an
5 and M. G. Smith, J.E.H. and S. J. Shawl, unpublished)
work done to date on the presence of gas and dust in globul#
clusters relates to the volume over which one might expect 0




CHAPTER 1V

LUMINOSITLIES AND SPECTRA OF METLEORS

19. The Nature of Meteor Radiation

Meteor radiation is produced mainly by the excitation of atoms, due
to mutual collisions and also due to recombinations of free electrons
with ions and subsequent cascade transitions. As we will see, however,
the latter mechanism plays a secondary role.

The radiation of a meteor originates in the so-called coma, i.e.,
the gas envelope surrounding the meteoroid, which is a mixture of air
and meteoric vapor.

Meteor spectra indicate that it is mainly the atoms and ions of
the meteorcid vapor which radiate. A meteor spectrum consists of emission
lines of atoms and ions of the elements making up the meteoroid (Fe, Mg,
Na, Ca, Ni, S5i, Al, Co, Cr, Mn, etc.). Bands of atmospheric nitrogen
(Np) account for only a small part (~2%) of the radiated energy. Oxygen
(also present in meteor spectra) can be of either meteoric or atmospheric
origin, and it is very difficult to distinguish between them. However,
since oxygen lines account for less than 1% of the total radiated energy
of meteors [297], it can be assumed that atmospheric bands and lines do
not account for more than 3% of the intensity of meteor radiation. Sec-
tion 23 includes a summary of the atoms, molecules, and ions whose lines
and bands are observed in meteor spectra. =t

Interestingly enough, even the spectra of the brightest bolides,
wvhich fly in the continuous-flow regime, are line spectra which do not
differ in principle from the spectra of ordinary bright meteors; in
other words, no continuocus shock-wave radiation is observed. In the
following, an attempt will be made to explain this paradox. During the
last 20 years, the dispersions of meteor spectrographs have become greater
Consequently, the continuous spectra of meteors can now almost '
always be identified as superimposed systems of molecular bands [406].

Let us consider the system of elementary processes determining me-
teor radiation. During the "meteor" stage of flight, i.e., before a
shock wave forms ahead of the meteoroid, inelastic collisions of atoms
take place in the coma surrounding the meteoroid, causing the excitation
and ionization of these atoms. In addition, some of the excited atoms
are formed during molecule dissociation, a mechanism which, according to
Opik [425], is slgnificant at low and medium velocities (v < 30 km/s).

Most particle collisions in the coma are elastie collisions, lead-
ing to a nonradiative deceleration of meteoric-vapor particles from
meteoric velocities down to thermal velocities, with a transfer of mo-
mentum and energy to atmospheric atoms. This is because, at meteoric
velocities, 'the momentum-transfer cross section 04 is an order of mag-
nitude larger than the excitation cross section Ugp and the ionization
cross section 0. According to Opik's estimate [425], only 3% of the
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‘" eollisions are inelastic.

/- In addition to atoms and ions, the meteor coma contains electrons

\ b formed either as a result of the ionization of meteor atoms when they col-

A 11de with air molecules or due to other possible mechanisms (thermal emis-

sion from the meteoroid surface, mechanical emission during fragmentation,
etc.). However, in contrast to a shock wave, in which electron impact is
the main ionization mechanism even at a degree of ionization of 10°

[84], the role of electrons in the excitation and ionization processes

is negligible in the coma. Thus their number, and most dlmportant, their
energy, are much lower than the number and energy of neutral atoms. To
acquire sufficient energy from heavy particles, electrons must collide
with them hundreds of times; but if the gas density is low, this would
take much too long. Conditions in the meteor coma thus differ radically
from those obtaining behind the front of a strong shock wave [41].

For this reason, in the meteor coma thermodynamic equilibrium is
not achieved even locally; more often than not, a state of under-excita-
tion prevails (the number of excited atoms is less than that required
by Boltzmann's law at the given electron temperature Te). The non-equi-
1ibrium of the meteor coma will be examined more closely below.

As already noted, atoms become excited not only via collisions, but
also via recombinations. A calculation of the recombination radiative
efficiency, made by Opik [425] in 1955, shows that for most meteor
atoms recombination radiation in the continuum is equal to about 15% of
the discrete radiation due to cascade transitions of recombining elec-
trons. This explains why no continuum radiation is observed in meteor
spectra: spectral lines, which account for 87% of the (recombination
only!) radiation, are very narrow, and the radiation in the continuum,

. which amounts to only 13% of the recombination radiation and which is
weak anyway, becomes "blurred" over the entire spectrum and thus remains
below the equipment's threshold of sensitivity.

Although, in the calculation for one elementary event of capture,
recombination radiation yields on the average six times the energy out-
put of excitation through collisioen, still excitation plays the dominant
role in the overall radiation of an elementary volume of gas per unit of
time, because many excitation events occur for every event of ionization
(recombination).

Let us first consider the case of a highly rarefied coma, where

f_lgzr%gollisions of the second kind can be disreparded. Excitation processes

A% will then be in equllibrium with processes of spontaneous radiation.

As demonstrated by Opik [428], the kinetic energy of the meteoroid mass

AM that vaporizes during a brief time interval At (about 107% 5) equal

to

5t IR il

Agy = AM i;— (19.1)

is dissipated during a time && ~ 107" § > At. If during time 8¢ a frac-

tion Y, of energy Ae4 is spent on the excitation particles (atoms,
molecules, ions) of type X, while a fraction Ty is converted into radia-
tion during this same time, then Ty = Py in the absence of collisions of
the second kind. Let us call Ty the radiative efficiency of particle X
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[109]. For instance, according to Derbenova's calculations [74], Ty =

8. 41077 for the K line of Call and Ty = 6.4-107° for the D line of Nal.
The calculations were made for v = 70 km/s and for a highly diluted coma e

in a nitrogen atmosphere. The ratio of the number of meteor atoms per 32 1ok
unit coma volume to the number of atmospheric atoms in this same volume e
is defined as the dilution factor ¢ of the coma. _|?
Let us now consider collisions of the second kind. Let D be the e =
coefficient of radiation damping on account of collisions, or the number =¥y
of collisions of the second kind per atom per second, and let L
~ b A BT p ) o AL T baraitos RS HIT

Ap = :E A3 be the Einstein damping constant, i.e., the reciprocal of
h

the 1ifetime of the ith state. The perturbation of the excited state
characterized by the term € will then be

4; (19.2)

4 g \ ) ) 7y - e
T e _;; T{il-\ C‘ g ‘[‘Q IHET{"]D: I= -_‘}T_,‘ t = mﬁ _ff.‘:

As already noted, the radiation of a certain multiplet, characteri-
zed by an upper term [energy level] €, and a lower term €} (where
€, > €), can be caused by direct excitation of term €, and also by
cascade transitions from the above terms £; (where €7 > €n) . Combining
the two cases, let us assume for generality that €f =€pn, i.e., 1 = n,
n+ 1, ... [104],

Next let us introduce the quantity Yy), which following Kovshun
[104] is called the productivity of the spectral radiation of particle
X at wavelength A:

2430,
e s (19.3)

Yin = -
Pl s - 1
ji_l eyl

where b; is the part of the energy of term gf which is spontaneously
re—emitted in the multiplet with a mean wavelength A, and TIis the
probability of excitation term ef. Clearly,yy) is the part of the
energy PyAe; which has been converted into the radiation of the given
multiplet, Summing up the yyx) values of the various multiplets of the
given atom, we can obtain Ty:

Ty = 1i’x§‘i’m| (19.4)

where N is the denotation of the multiplet corresponding to the pair of
numbers n, k (we have changed Yy) correspondingly to yyy).

The productivity yxx and the radiative efficiency Ty are both
functions of the dilution factor &, since the frequency of inelastic i
collisions depends on the density of meteoric particles in the coma. BT
The probability of collisions of the second kind depends even more on 5 o
§, because the latter are most effective when the difference between the Tk
(s s K RPN
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potential energies of the colliding particles is minimal. Nevertheless,
more than 80% of the meteor-atom levels whose radiation provides the
strongest lines in the meteor spectra have excitation energies from 2
to 8 ev, whereas the excltation energies for air atoms can reach 11 or
13 ev [104]. This is why collisions of meteor atoms with one another
most frequently lead to nonradiative transitions.

The part of the kinetic energy Aey which is converted into radia-
tion of multiplet ¥ during the 8¢ (when dilution factor & varies from
the initial value §p to 0) is

0 ' (19.5)
Tyy = j‘ Van (8) Py (6) 6.

by

The total radiation coefficient of the coma in the recorded region
of the spectrum will then be

Tar = ) N leatxn, (19.6)
XN

where kj is the spectral sensitivity of the radiation receiver at wave-
length A,

For most of the excited levels, the lifetimes #, ~ 1077 to 107° s
[87, 104]. Thus population of these levels by excitation from the ground
state will prevail if the time that elapses between two successive in-
elastic collisions of meteoric particles tz » t,. In order to ascertain
in what cases this inequality is valid, here is a table of t, values for
various altitudes and velocities [109]:

o | s 70 | 60 ,ﬁ,?\ﬁ
N, km rc' P
SHF R4
v=20 km/s 107" 1,6-1077 | 4-1078 10 e mfias
v=60 km/s 3.107 510-8 10-5 gy R
setos Fth a5

o—

Events of excitation and spontaneous radiation are thus in equili-
brium only for slow meteors at high altitudes, whereas collisions of
the second kind must be taken into account for fast meteors, and also
in the lower part of the trajectory of any meteor. This problem was
investigated thoroughly by Kovshun [109].

The frequencies of filling D; and emptying D; of a level n by
collisions of the second kind are, respectively,

n—1 o0

])rt e 2 Ay |- 2 lan, (19.7)
hi=1 LEERD |
n—1 o

= 1
Dn = Z Ay, -} :/:..I Upg,
h=1

8
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where k < n < g, while summing to infinity makes it possible to take into
account the processes of nonradiative recombination and ionization from
level n. The total frequency of collisions of the second kind which per-
turb level n is

D=4 Dy (19.8)
Let us also assume that
D =yDw DY =(1—17)Du (19.9)

For y = 1/2 we will obviouslx have an equilibrium (Boltzmann) dis-
tribution over the levels (Dn = Di); for y < 1/2 the upper levels will
be overpopulated and for Yy > 1/2 they will be underpopulated.

The effect of collisions of the second kind on the radiation of
multiplet A,y is determined by the quantity

n=—1
D = %’— (05 — DY), Av=2 Au. (9.4

il h==1

The frequency of transitions 7 = k will be

AL 4D
O S, i ) (19.11)

where
10 = DE o D sl == )05, (19.12)
The effect of collisions of the second kind on the radiative

efficiency of some Fel multiplets is illustrated by the following
table (1, is the visual efficiency, after Opik [428]):

Fel level, PRI P F 220 | "
Al 5 54-10% | 52108 | 7100 7. 18
Ty (U;—*:ll) 1,220 0,100 0,442 1 0,080
Ty (1), == 108 e78y | 1,185 0084 [0, L4 | 0ugT

Clearly, the "long-lived" level 2°p? is emptied by collisions of
the second kind more markedly than the "short-lived" level e’D is.

Opik considered collisions of the second kind only as a cause of
radiation damping. However, in 1972 Kalenichenko [88] suggested that
the reactivation of meteor—-atom levels due to collisions of the second
kind can also be significant when such atoms collide with oxygen and
nitrogen atoms of the air which are in metastable states. Examples of
such states are [0I] 2p" p 1S, and also [NI] 2p3 2p° and *P°.
Kalenichenko provides examples of possible reactions between 0Ll and NI
atoms in these states, on the.one hand, MgI, S5iI, Cal, Nal atoms and
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Call ions in the ground states, on the other. The increase in the pop-
ulation of level 7 is given approximately by the formula

\n’
N;:N{'( 4 N""') (19.13)

.

where W! is the population of the ith level without taking excitation

transfer (reactivatioﬁ) into account, Na is the concentration of metast-
able atoms capable of imparting excitation, and V. is the total concen-
tration of atoms of all sorts in the meteor coma.

The forbidden green line of [0I] at 5577 h , corresponding to the
transition 2ph 's - 'p, is known to be observed in meteor spectra, For
a confirmation of Kalenchinenko's mechanism, it would be necessary to
establish the presence of correlations between the intensity of this
line and those of lines 2852 A of Mgl and 3020 A of SiIl, which should
intensify during the transfer of excitation from the atom [01]1'S. How-
ever, these lines lie in the UV range of the spectrum and are practic-
ally unobservable,

On the basis of (19.11), the ratio of the intensities of two lines
of the same element Apk and A7y (where n > k, I > m, and I # n) can be
written in the form

I N A A (A 40 i A (A1 D)

M= e

b 7 ji iR ! ! .14
, N!h\mAmA"(/1{-|-Hr) i An (A1) (19.14)

—
fory

where ixk, 17y are the intensities of the same lines in the absence
of collisions of the second kind (P = D7 = 0). Glven certain assumptions

concerning the frequency Dg of collisions of the second kind, it is
possible to find from (19.14) the variation of Yy along the meteor
trajectory, i.e., the balance of the deactivation and reactivation pro-
cesses. But this would require that there be no self-absorption in the
lines, which can be checked using the ratio of the intensities of lines

I
with a common upper level Tﬂﬁ (n > p). This ratio depends neither on
np

7
the equilibrium of the spectrum nor on D*. 1t ;E& = ;ﬁk = const (along
np np
the meteor trajectory), then there 1s no self-absorption. But even for
a low optical thickness of the coma the influence of self-absorption
on the intensity ratio for lines that do not have a common upper
level can be significant, as will be seen below (Section 23).

The described method of Kovshun [109] was applied by him and Smitrnov
[112] to bright meteors 32281 and 36221 photographed in Czechoslovakia
and processed by Ceplecha [290, 291]. The nonequilibrium of the popula-
tion of the levels and the fluctuations of Yy along the meteor trajectory
were ascertained quite definitely. Thermodynamic equilibrium is thus
actually absent in the rarefied meteor coma.

In addition to the radiation of meteor atoms due to their collisions
with air molecules, in [425] Opik also studied the thermal radiation
of the coma. He determined its efficiency Bt on the basis of the follo-
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wing considerations. Let 7 be the specific kinetic energy of the meteor-

2
oid (E = 239, let E' be the thermal energy of the coma (per gram of

meteoric material), and let ¥ be the amount of energy lost through in-
elastic collisions. Then

R CB
E'=E(l—) 15~ (19.15)

Opik assumes that the coma radiates at a constant temperature Tp,
corresponding to & = 1, and that 3% of all the collisions are inelastic,
50% of the energy being spent on excitation for each inelastic collision.
The loss to excitation is thus 0.01l5E" for each average cpllision. Since

v 3.9
the radiative efficiency for the average collision velocity 'iﬁ? is ch,
therefore the fraction of energy converted into radiation (for & = 1) is

dopr 2 E' '

=g Bo g 0 = S0P (L= (19.16)

Thus, B+ was derived by Opik without any serious theoretical sub-
stantiation, just from general statistical correlations with many simpli-
fications and approximations.

The very rough estimates obtained Erom (19.16) were included by him
in a table [429]. Tt is interesting that, because of an annoying mis-
calculation, Opik in [428] understated the efficiency B, of the thermal
radiation of the coma by the factor of 50 (against his own formulas), thus
reaching the conclusion that the thermal radiation of the coma is negli-
pibly low. llowever, in the tables [429] Bt sometimes figures as the
main component of the radiation. We already expressed doubt concerning
this result back in 1966 [43]. Spectra of meteors, even of bright bolides,
show the thermal radiation of the coma to be extremely low.

The absence of continuous radiation of the shock wave forming ahead
of the meteoroid in the spectra of bright bolides remains to be examined
in more detail than on page . The bolides whose spectra were obtained
and processed by Ceplecha et al. [289-291, 297] include some very bright
ones, up to -19™. The bodies corresponding to these had initial masses of
up to 20 tons and were several meters in size. A strong shock wave with
a shock-compressed layer 10 to 15 cm thick undoubtedly forms ahead of
gsuch bodies. llowever, most of the shock-wave radiation is concentrated
in the UV range of the spectrum and is absorbed in the surrounding air,
which then re-emits the absorbed energy in lines and molecular bands.
As regards the "wake'" of continuous radiation in the visible range of
the spectrum, the radiating layer in that range is optically thin and
the continuous spectrum will be faint.

Let us consider a couple of examples. A body with R = 1 m flying
with a speed v = 14 km/s at an altitude i = 50 km creates a shock wave
with a pressure pz ~ 2 atm behind the front (external pressure pl ~ 107
atm), a temperature of 15,0qpu, and a radiation mean free path in the
visible range (3000 to 6500A) of 10 m, i.e., 100 times the thickness
of the shock layer! At a velocity of 30 km/s the temperature will be
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42,000°, p? = 9 atm, and the radiation mean free path in the same range
will be 50 cm, i.e., five times the thickness of the radiating layer.
Among meteoroids meters in size, bolides with v > 30 km/s are rare (only
about 0.3%) [388]: for small bodies flying at high altitudes (which prod-
uce most of the bolide spectra) the ratio of the '"radiation mean free path
to the radiating-layer thickness" will be many times higher still.

20. The Luminosity Equation and its Parameters

As noted in Section 3, the luminosity equation of a meteor can be
written in the form of eq. (3.3):

e\ et (20.1)
-
dt | 2!

where I is the intensity (total flux) of radiation in a solid angle of
47 steradians (note that Levin [147] uses the letter I for the luminous
intensity, i.e., a quantity that is smaller by a factor of 4u).

The coefficient of radiative efficiency (or luminosity coefficient)
T represents the part of the kinetic energy of the vaporizing meteoroid
material which is converted into radiation per unit of time. The radia-
tive efficiency is an important quantity in meteor physics, since it
determines the scale of photometric masses of meteoric bodies. The
known accuracies of such quantities as the preatmospheric mass of meteo-
roids (and thus of their mass distributions), the rate of ablation dur-
ing meteoroid motion through the atmosphere, and the dependence of this
rate on flight conditions depend on the reliability with which T is

determined, Nevertheless, existing determinations of T, and in particu-
lar of its dependence on velocity v (as well as of possible dependences
on the mass and other parameters), are contradictory.

Before dealing with this question, let us briefly review the systems
of units available for expressing T. If the radiation intensity I is
expressed in energy units (such as ergs per second) then T is a dimen-
sionless quantity, and according to existing determinations R R
3-107". In astronomy it is more convenient to express T in units of
brightness, using some scale of stellar magnitudes; generally speaking,
this scale will depend on the photometric system and on the spectral
sensitivity of the radiation receiver (eye, photographic plate). This is
why the visual and photographic radiative efficiencies are referred to.
Since photographic observations are much more accurate,in the following
only the photographic radiative efficiency will be considered.¥%)

*) The photometric meaning of visual assessments of meteor brightness
was studied by Levin [147], but on the basis of limited observational
data. Distinctions are made between the mean, integral, and maximum
brightness of a meteor. Experimental observers such as Astapovich [8]
and Khotinok [247] have also recorded brightness variations along the
meteor trajectory. For more details about the photometric systems in
meteor astronomy, see [103].




ML P03

LUMINOSTTIES AND SPECTRA OF METEORS 147

If we take as a basis the unit of brightness corresponding to a om
star, then T will be expressed in units of OM.s/erg. Let us designate
T in this system as %, In [425] Opik showed that (dimensionless) T is

related to T* as follows:

gt =lgtv—9,72. (20.2)

Gince the time of the first studies by Opik [420] and Whipple
[488], it has usually been assumed that

T =1t", . =1", (20.3)

where, according to Whipple [488], n = 1. This value of n was confirmed
in 1965 by Verniani [479], who processed 413 precise photographic ob-
gervations of meteors: it is still widely used by Harvard astronometrs
and by many others.
llowever, beginning in 1955, some scientists obtained completely
different results. After improving his semiempirical theory of meteor
radiation, developed in 1933-1937 [425], Opik in 1955 concluded first,
that T depends not only on the meteoroid velocity but also on its mass,*)
and, second, that relation T = TgV does not apply .for small bodies
(M < 1 g). According to Opik, T is the highest at comparatively low
velocities (v = 14 to 24 km/s), after which it decreases, j.e., n <0
for v > 24 km/s [429]. Opik's theory and the results obtained by him
up to the mid-sixties are discussed in detail in the survey paper [43].
The system of radiative efficiencies based on formula (20.3) for
w = 1 has become known as "model A", whereas the alternative model sug-
gested by Opik in 1955 for small bodies was called '"model B". Model B
was corroborated during the course of experiments with artificial meteors
[261], and also by laboratory modeling of meteoric phenomena [272, 273,
275-277, 317-320, 466, 467, 471], which will be discussed in Section 21.
A number of attempts were made to derive the value of n directly
from observations. In 1958 Ceplecha [282] went about this as follows.
Substitution of (20.3) into (20.1) yields

LT
T B (20.4)
2 d:v

Next we substitute into (20.4) the maximum rate of vaporization,
which, if parameters T, A, @, U and velocity v are constant is [147].

n
(ﬂ) N M, co8zp (= (20.5)
dt Jmax H* :

%) Simultaneously with Opik, Kallman [114] concluded that T must depend
on the meteor brightness, i.e., at a given velocity, on the meteoroid
mass.
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Abstract. Between 1981 and 1991, a small group of amateur
meteor observers in Australia and the Netherlands counted me-
teors during 4,482 hours of effective observing time. These
counts have been reduced and are to be presented here as a
first homogeneous set of some 50 meteor stream activity curves
for all major and many minor meteor streams on both hemi-
spheres. Together with the sporadic background, these give an
accurate picture of annual meteor activity.

Empirical corrections are given that relate the observed me-
teor rates to well defined Zenith Hourly Rates (ZHR).

It is found that all major streams are well represented by a
set of exponential curves: ZHR = ZH Rypar 10~ B120—25%
Values of ZHR ., and B are given. There is no evidence for
stable sub-maxima in the activity profiles. In four, and possibly
six, cases, there is evidence for a background component in the
activity curve. In all cases, the background is more extended to
small solar longitude Ag.

From a fit of the above dependence to the rates of minor
streams, it is found that the slopes of most high inclination (i>
15°) streams have a characteristic value of B = 0.1940.08 per
degree of solar longitude increase in the °log of the ZHR.

The ZHR is transformed into mass influx rates, from which
the total mass in the meteoroid stream is estimated by making
an assumption about the distribution of matter perpendicular to
the path of the Earth. Total masses of the observed streams are
of order 10 to 10'6g.

Key words: meteors: meteoroids — comets; general
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* Tables 3a-c are also available in electronic form: see the
editorial in A&A 1993, Vol. 280 No 3, page E1;
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1. Introduction

A significant part of meteor activity is associated with meteor
streams: meteoroids that enter the Earth's atmosphere at similar
entry velocity and at nearly parallel trajectories, which cause the
meteors to radiate from a virtual point on the sky that is called
the radiant. These meteoroids have a common origin, usually -
if not always - they are the debris from the decay of, sometimes
extinct, short-period comets (e.g. Hughes 1978; Lindblad 1980;
MclIntosh 1991).

The annual streams are those streams that accur every year,
over a period of days, when the Earth passes the orbit of the
parent comet, The meteor rates vary as a function of the Earth’s
position in its orbit, increasing to a peak and decreasing, The
shape of this, which is called the activity curve, reflects both
the cometary dust ejection process and the subsequent orbital
evolution of meteoroids after ejection from the comet. Comput-
ing techniques have developed to a point where meteor stream
evolution can be studied theoretically, but the interpretation of
the simulations is hampered by a lack of observational data (e.g.
Hughes et al. 1979; Williams et al. 1979; Murray et al. 1980;
Fox etal. 1982; Jones 1985; McIntosh & Jones 1988; McIntosh
1991).

Radar observations are potentially a powerful tool to obtain
data on meteor rates but there is a major difficulty in discriminat-
ing between stream members and others (the sporadic meteors)
and in correcting the observed raw data to meteor influx. Activity
curves have been derived of the major meteor streams, i.e. of the
Perseids (Kaiser et al. 1966; Lindblad & Simek 1986: Simek &
Lindblad 1990), the Orionids (Webster et al. 1966; Jones 1983),
the Lyrids (Porubcan 1986), the Geminids (Poole et al. 1972;
McIntosh & Simek 1980), and the Bootids (McIntosh & Simek
1984; Bel’kovich et al. 1984). TV image intensifiers (Image
Photon Counting Systems) potentially do allow a more accu-
rate stream member classification, but the meteor streams are
not easily detected in the smaller mass range covered by the
current systems. No activity curves have been published yet.

Visual (naked eye) observers are able to detect an order
of magnitude lower stream rates than current radar observa-
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tions due to an easier discrimination between stream members
and sporadic meteors. Meteors have been counted by visual ob-
servers since the first half of the 19th century (Hughes 1982)
and many of these counts have been gathered and published
over the years, notably by W.F. Denning (Journal of the B.A.A.),
C.P. Olivier (Popular Astronomy) and PM. Millman (JR.A.S.
Canada). These early data are usually not corrected for atmo-
spheric conditions, observer’s perception or even radiant alti-
tude dilution. The first few reliable rate profiles were published
only recently by a number of amateur meteor observers and
by V. Porubcan et al. from a series of observations obtained at
Skalnaté Pleso Observatory between 1944-1953 (BAC, Contr,
Astr. Obs. Skalnaté Pleso).

The gathering of meteor counts by amateur observers has
gained a big momentum in the past fifteen years. Many ac-
tivity curves of single returns have been published by a.o. R.
Veltman (Radiant, the Journal of the Dutch Meteor Society),
J. Wood (NAPO-MS Bulletins), G.A. Spalding (Journal of the
B.A.A.), and recently notably by R. Koschack, P. Roggemans,
and J. Rendtel (WGN, the Journal of the International Meteor
Organisation).

Attempts to improve statistics by combining data from sev-
eral independent groups have led to the recognition of common
systematic errors in the data amounting to factors of two or more
(Millman 1967; Spalding 1987). Individual counts are usually
of low accuracy due to instrumental variations (that is, observer
perception), subjective estimates of the sky condition, and low
detection rates of about 10 meteors per hour typically.

This paper attempts to derive a homogeneous set of activ-
ity curves by combining the counts of experienced observers in
a limited number of independent groups, that is, one on each
hemisphere. The counts have been obtained in the eleven years
from 1981 to 1991. The paper is ordered as follows: Sect. 2
describes the observing technique and data selection; Sect, 3
discusses the correction factors for sky condition, observer per-
ception, and radiant altitude dilution; Sect. 4 and Sect. 5 present
results in terms of zenith hourly rates; and in Sect. 6 the zenith
hourly rates are transformed into mass influx rates and from that
the total mass of matter in the meteoroid stream is estimated.

2. Observations

The meteor counts selected for this project amount to 110,538
meteors recorded in 4,482 hours of net observing time by 10
observers of the Dutch Meteor Society (DMS) and 6 observers
of the North Australian Planetary Observers — Meteor Section
(NAPO-MS). Raw data of the latter group are published by
Jeff Wood in the W.A.M.S. Bulletins and, since 1986, in the
N.A.P.O.-M.S. Bulletins. DMS raw data are gathered from the
visual archive compiled by Rudolf Veltman and the author from
which preliminary results have been published in Radiant. The
selected observers are the 10 most productive observers of DMS
before 1988 and those observers of NAPO-MS who were active
for a period of at least three consecutive years.
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Table 1. Observer statistics. Location: S = southern hemisphere (North
Australian Planetary Observers - Meteor Section), N = northern hemi-
sphere (Dutch Meteor Society). Cp: average sporadic hourly rate nor-
malised to 10. e: parameter that describes the limiting magnitude scale
(Eq. 3). Te sy effective observing time in hours. N: number of observed

meteors g j}%‘kﬁ. HR10ELE L En {ﬁ%
Observer Loc. ¢, +oc, e Tarr Nosieors

Jeff Wood S 1.81 £0.13 0.57 1,152 36,557

Darren Ferdinandez 8 1.31 0.17 051 629 10,405
Koen Miskotte N 1.24 0.09 0.79 393 10,760
Klaas Jobse N 1.25 0.10 0.70 390 10,134

Bauke Rispens N 1.14 0.14 0.75 272 7.592
Nicolas Harvey . S 2.28 021 0.61 230 9,437
Peter Jenniskens N 0.80 0.07 0.63 213 3,448
Marc de Lignie N 0.98 0.05 0.87 199 4,848
Hans Breukers N 0.66 0.03 0.50 193 2,996
George Platt S 1.09 0.05 0.57 172 4,080
Rudolf Veltman N 0.95 0.06 0.67 166 2,225
JosNijland N 0.66 0.03 0.68 107 2,282

Jeff Malone S 1.02 0.03 0.81 105 1,739

Hans Betlem N 0.63 0.05 043 100 1,512
David Cake S 1.02 0.04 059 97 1,869

Joop Bruining N 0.94 0.04 0.70 64 654
total: 16 obs. 4,482 110,538

2.1. Observing techrique and data selection

Meteors are counted by naked eye, while the observer sits com-
fortably in achair, or lays on a reclining lawn chair, and leisurely
scans the sky (e.g. Jenniskens 1988; Bone 1993). The observer
keeps the center of vision between 20 and 60 degrees from the
active radiant and at altitudes of 60-90 degrees above the hori-
zon. The observer’s feet usually point within 90 degrees from
the radiant. The field of view has less than 20% obstruction. An
estimate of the sky limiting magnitude (Lm) is made by count-
ing stars in predesigned areas. Values range between Lm = 5.2
and 7.2. Data with limiting magnitudes less than 5.2 are omitted
from the sample. Dead time for recording is restricted to less
than 20% and observing intervals should exceed an effective
observing time T, ;¢ = 0.4 hours.

The individual meteors are recorded using either gnomonic
starmaps and observing forms or tape recorders. The differ-
ence in technique concerns the possible errors in classification.
Gnomonic starmaps allow meteor classification at a later time,
using criteria that are more homogeneous for all observers, Clas-
sification is based on meteor direction (allowing for radiant
drift), angular velocity, and the length of the meteor trails on the
sky with respect to the angular distance from the radiant. Data
logged on gnomonic starmaps are used for the minor streams
and the tails of the major streams. Meteors logged on a tape
recorder are used for the cores of the major streams, unless the
observers were well aware of the radiant position.

The database contains numerous zero detections, that is, ob-
serving periods in which no stream members are detected. This
is a not a trivial point. Zero detections are often neglected, be-
cause it is not always clear whether an observer paid attention to

Lml,2
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a particular minor stream. Negligence leads to an overestimation
of rates of minor streams in the wings while unjustified inclu-
sion of zero detections results in an artifical decrease of activity.
I chose to include such zero detections only when the stream is
mentioned during other hours of the night, or at some moment
in the same campaign of several nights. Of course, this problem
does not exist when data are logged on gnomonic starmaps.

The number of streams to be studied has been limited to
approximately 50 in order to obtain a well defined sporadic
background rate; sporadic meaning any meteor that does not
belong to one of the selected streams. The sporadic rate in certain
seasons of the year will be used to normalise stream rates in
order to account for a variable observer perception. For this
purpose it is neccesary to exclude the same minor streams from
the sporadic rates in all observations. The northern hemisphere
streams are a selection of those listed by Lindblad (1971} and
Cook (1973), from photographic surveys of orbital elements,
while the selection of southern hemisphere streams is based on
the streams classified by experienced observer Jeff Wood. Other
minor streams are known to be active, but have given too few
data to allow the construction of an activity curve, f.e.  Lyrids
(Iras-Araki-Alcockids) on May 10th and Pegasids on July 10th.

Even on the northern hemisphere, photographic surveys
may, occasionally, have missed a minor stream. Indeed, in
the cause of the reduction of northern hemisphere data from
archived starmaps I found one, only one, such minor stream not
previously mentioned that might warrant further investigation:
72 medium fast meteors were observed to radiate apparently
from RA = 304, DEC = +48 in a few days around July 17-22,
Following this find, a watch in 1990 gave aradiantat RA,DEC =
300,+52 (15 meteors, Jenniskens et al. 1991) and a watch by the
authorin 1993 resulted again in RA,DEC =304,+48 (4 meteors).
Photographic confirmation is weak: one possible member was
photographed in Dushanbe on 1961 July 12: RA =304.5, DEC
=+449.7, Vo, =41.0 km/s (Babadzhanov & Kramer 1963). The
o Cygnids are added to the selection of streams, but these obser-
vations need further confirmation before it can be excluded that
they are merely due to a chance alignment of sporadic meteors
or meteors of other minor streams, for example, the o Draconids
listed in Cook (1973) (Ag = 112; RADEC = 271,+59; Voo =
24 km/s).

Note that a photographic survey is lacking for the southern
hemisphere and the recognition of meteor streams depends, to
a large extend, on visual observations. Limited radar data are
available but only, with a few exceptions, for weak and relatively
slow meteors (Nilsson 1964; Gatrell & Elford 1975). The meteor
streams detected in these radar surveys show little overlap with
the streams that are recognised visually (and photographically),
similar to northern hemisphere radar surveys. Consequently, for
some of the mentioned southern hemisphere minor 'streams’ it
needs to be proven that the meteoroids move in similar orbits,
notably for the & Velids, the o Crucids, the # Centaurids, the
Corona Australids, the T Cetids, the  Dorids, and § Eridanids.

Table 3 summarizes the radiant position and drift, the entry
velocity, and magnitude distribution index of each of the 50
selected streams. The table also contains the total number of
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observed meteors of each stream, the total effective observing
time and the number of observers that contributed to the data,
The total contribution of each individual observer is summarized
in Table 1.

3. Normalisation of the counts

Meteor rates are commonly expressed in terms of Zenith Hourly
Rates (ZHR), which is the hourly rate of meteors seen by a stan-
dard observer in optimum conditions: the radiant in the zenith
and a star limiting magnitude of 6.5. The subsequent conversion
to mass influx rate contains a number of additional corrections,
e.g. the mass of a zero magnitude meteor and the effective sur-
face area monitored. These corrections, however, do not change
much with the position of the Earth in its orbit and the ZHR
activity profile gives a fair picture of the mass influx profile. For
the purpose of knowing how many meteors are to be seen at a
given time and under given conditions, the Zenith Hourly Rate
is a more convenient unit.
The corrected Zenith Hourly Rate (ZHR) is given by:

HR  CHR ZHR
2 N7 6.5—Lm 3 -
ZHR=—— X x sin(h.)”" X ¢p (1)
Teff & li

where N is the number of stream meteors observed in a time
interval Tes ¢, r and -y are stream (and Ag) dependent constants
that describe the corrections for the variables limiting magnitude
(Lm) and radiant altitude (h,) respectively. ¢, is an observer
dependent perception correction. In this section, each of the
three corrections in Eq. 1 will be discussed in some detail.

3.1. The Limiting magnitude correction

The meteor rate is a sensitive function of sky conditions: if few
stars are visible, few meteors are seen. Figure | shows that the
dependence of observed (sporadic) rates on star limiting magni-
tude (Lm) is exponential, ZHR~ r5-3=L™ Such an exponential
dependence is expected if the detection probability of a meteor
of magnitude x at limiting magnitude Lm equals that of a meteor
of magnitude = — 1 at limiting magnitude Lm —1 (i.e. Van der
Veen 1986a,b; Spalding 1987). In that case, the exponent (r) is
expected to be equal to the magnitude distribution index (x):

(2)

where n(m) is the number of observed meteors N(m) of bright-
ness m in a given part of the sky corrected for the detection
probability P(m) of such meteors in that part of the sky: n(m)
= N(m}/P(m). The detection probability (or probability func-
tion™) is discussed in the Appendix. In practice, y is derived
from the magnitude distribution after correction for an assumed
probability function or, alternatively, from the ratio of stream
and sporadic meteors as a function of magnitude, assuming that
the probability function is the same for both and by adopting
x = 3.4 for sporadic meteors (Kresakova 1966). The values re-
ported in Table 3 are a compilation of such studies published in
NAPO-MS Bulletin and Radiant.

X = n(m+1)/n(m)
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Fig. 1. The limiting-magnitude correction. Sporadic hourly rates, cor-
rected for observer perception (cp) only, are plotted against the bright-
ness of the faintest star that was seen in a small starfield (Lm). Individual
observers are assigned a different symbol

Koschack & Rendtel (1990a,b) argue that r = X applies for a
group of observers of AKM (Germany). However, I find r to be
somewhat smaller than y, possibly because r is also a sensitive
function of the limiting magnitude scale, that is, the relationship
between star count and sky conditions, which depends some-
what on the observer’s judgement. Linear least squares fits to
data as in Fig. 1 result in values of r listed in Table 2. These
values are compared to x from Kresakova (1966) and Levin
(1955),

Although r seems to be proportional to ¥, there is a Sys-
tematic difference which should be accounted for. Because my
main concern is to normalise all counts to a uniform system, I
introduce an exponent ¢, where:

r=x 3)
€ is observer dependent and reflects individual differences in the

limiting magnitude scale. Note that differences in the normal-
isation point (Lm = 6.5) will be incorporated in the observer’s
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perception coefficient (Sect. 3.4). Values of ¢ are listed in Table
1 and range between 0.43 and 0.87.

A constant value of y is assumed, both as a function of mag-
nitude in the range m = -3 to +5 (and corresponding mass range
of the meteoroids) and as a function of the position along the
Earth’s path through the stream. The variation of y isexpected to
be small over the magnitude range covered. Only for the Bootids
and Geminids there is some evidence of a gradual change of ¥
with magnitude from radar observations (Simek 1987b). How-
ever, note that Kresakova (1966) does not see the effect clearly
in visual data of the Geminids. All other major streams show
linear slopes in the logarithm of the ratio of stream and sporadic
meteors versus magnitude between -3 and +5.

For most major streams, the variation of x along the Earth’s
path is observed to be small, to the point of being negligible, e.g.
for the Perseids (Kaiser et al, 1966; Veltman 1983a: Roggemans
1987; Jenniskens 1989b: Andreev 1989), Orionids (Veltman
1986a; Znojil et al. 1987), and Lyrids (Veltman 1985). There
is some indication that y increases towards the outer edges of
these streams, but the data are too uncertain to be of value. On
the other hand, significant variations of X are found, again, for
the Bootids and Geminids (Boo: Poole et al. 1972; Simek 1975;
Bel’kovichetal. 1984; Vander Veen 1989; Gem: Spalding 1982;
Roggemans & Koschack 1991; Jenniskens 1992a: Rendtel et al.
1993a). These variations are well studied and are therefore taken
into account. Unfortunately, no such information exists of other
(minor) short period streams. Note that the Bootids and Gem-
inids are the two narrowest streams encountered in this study,
with the doubtful exception of the Ursids, and their behavior of
X is probably atypical.

For the range of limiting magnitude Lm = 5.2 until 7.2, a
characteristic error of £0.3 in r leads to at most a 15% error in
individual rate estimates.

3.2. Correction for moonlight

The moon causes an increase of the brightness of the sky back-
ground, which makes meteors and stars more difficult to see.
From observations of meteors during the moon eclipses of Jan.
9/10 1982 and May 4/5 1985, Wood (1982b, 1986) found that
the decrease of number of meteors observed is exponential with
limiting magnitude, with r = 2.6 for sporadic meteors and r= 2.4
for the Eta Aquarids (compared to y =3.4 and 2.7 resp.). Again,
the r-values are a bit less than the magnitude distribution index
suggesting € = 0.78 and 0.88 respectively. Because these data
were obtained by other observers than listed in Table 1, and the
values of ¢ are in the range of typical values, I conclude that the
limiting magnitude correction gives an appropriate correction
for sky condition affected by moonlight. In order not to stress
this conclusion too much, I included data only for a moon at
altitudes of no more than 30 degrees above the horizon, while
the limit for phases of 0.7-1.3 around full moon was set to 5
degrees only. The brightness (I) of the moon, and its disturbing
influence, peaks sharply near full moon and changes with phase
(F) according to: F = 1.0, I = 100%; 0.9, 60%: 0.8, 409%; 0.7,
24%; 0.6, 16%; 0.5, 8%; 0.4, 4%, and 0.3, 2% (Katz 1987). A
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Table 2. The limiting magnitude exponent r and the radiant altitude
exponent - as derived by comparing the observed activity in the core
of the stream with the activity expected for r= x and v = 1.0. [1]: x
by Kresakova (1966) [2]: x by Levin (1955)

stream logr r o 12 2] (Ve ~ e
SPO N 0.37+0.03 2.2-25 34 34 30 - - -
T BIGESE0.0412,0:058 v - vl i - .
LEO N 0.56+0.12 2.8-4.8 34 25 24 71 1232050 1.55
DAZ N - - 3.3 27 3.7 43 1.03£0.10 148
S~ 11 = <6 Y e s o R BRRLE R i - .55
ORI N 0.30+£0.20 1.3-3.2 3.1 2.9 40 67 1.68+0.14 147
8 0420032808 e e o " 1604027 1.47
EAQ S 0.38+0.06 2.1-2.8 2.7 23 23 66 1.06+0.12 145
LYR N 0.38£0.07 2.0-2.8 2.7 2.9 >1.7 49 1.50+050 143
GEM N 0.20+0.06 1.4-1.8 2.6 2.6 34 36 1.33+0.12 140
B0 GE0NRRdsgis 2 L R " 1674032 1.36
PER N 0.33£0.04 1.9-23 25 24 25 61 1424008 1.4l
BOO N 0.64+022 2.6-72 25 - 25 43 1.1840.08 137
TAU N 0.52+0.10 2.6-42 23 - 3.0 30 1.67+022 130
LIPS < R T " 1.60£0.27 1.30
ACE S 0.03+0.25 0.6-1.9 23 - - 57 1.3240.18 1.37
CAP N 0.26+0.14 1.3-2.5 2.0 - - 25 1.06%0.19 1.13
"o Ba0A49-E0:04 2R3 Wl # " 1.86%£0.28 1.20

nice way of estimating the moon’s brightness is given by Knéfel
(1990).

3.3. The radiant altitude correction

Radiant altitudes (h.) of less than 90° dilute the meteor influx
per unit area according to approximately: sin(h,.)~!. Several
authors have suggested extending this correction by including
such effects as the finite length of meteor trails: sin(h, +6°)~"
(Prentice 1953), the fainter brightness of meteors due to a dif-
ferent gradient of atmospheric density along the path and the
increase of meteor trail length [v'sinh, + (1 — 4')sin?k, ]!
(Opik 1940, 1958), and the zenith attraction (Kresak 1964):

sin(he) < 4"+ (1 —")sin(hy) @)

where 7" depends on entry velocity: v = 61.8/V2 in good
approximation.

Zyolankova (1983) suggested the general form of Eq. 1,
ZHR ~ sin(h;)™7, and derived v = 1.47+0.11 (1o) for the
Perseid stream. This analysis has been repeated here for several
major streams. Figure 2 compares the observed rates before ra-
diant altitude correction (ZHR) with rates derived from a fit to
data calculated with v = 1.0 and r = x (ZHR,) and plots the
ratio ZHR/ZHR,, as a function of sin (h,) in a log-log plot. The
slope in these plots is close to the actual value of 4. An itter-
ative process does not significantly change this value. + varies
significantly between 1.0 and 1.8, but is typically about 1.4,
which is in good agreement with Zvolankova (1983). The value
is larger than 1.0, which probably reflects the fainter brightness
of meteoids of given mass and entry velocity at lower entry an-
gles. There is no strong dependence on entry velocity, nor on
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Fig. 2. Radiant altitude correction. The observed rate before radiant
altitude (k) correction ( = ZHR) is compared with rates derived from
a fit to data calculated with an assumed ~v=1.0 (ZHR,). The ratio
ZHR/ZHR, is plotted versus sin(h,) in a log-log diagram. The slope
in each graph is approximately equal to the correct -y

magnitude distribution index. However,  is expected to depend
weakly on . In case the fainter meteors (Am) cause a decrease
in number density proportional to x2™ and Am relates to h,
according to: myn ~ —0.67{ag(sin(h,)) (Jacchia et al. 1967,
from photographic data), one has:
v=1+1.08 log(x) (5)
Eq. 5 takes into account that the photographic magnitudes relate
to visual estimates according to m,, = 0.71 x myy, +1.30 for the
range of magnitudes (1, =-0.5 to+2.5) over which the sin(h,)-
dependence was derived (Jacchia et al. 1967). The theoretical
value from Eq. 4 and Eq. 5 is listed in Table 2. The results are in
good agreement with the values derived from the observations.

T'have adopted v = 1.4 for all meteor streams, and a mini-
mum radiant altitude of 10 degrees.

3.4. Observer perception

The observer dependent correction allows for systematic dif-
ferences in rate counts among observers. These are mainly due
to different detection limits and different observing techniques
(concentrating on a small field of view in the center of vision or
watching the entire sky).

I chose to normalise the counts assuming a similar probabil-
ity function for stream and sporadic meteors, by comparing the
observed sporadic rates to a canonical value of 10 meteors/hr at
0" local time in early August (or early March in the southern
hemisphere). The choice of date and local time is because of
daily and annual variations of the sporadic flux. These varia-
tions are small in this part of the day and in this part of the year
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(Srirama Rao et al. 1978; Hughes 1978) and observations are
abundant,

Cp is defined as the ratio of true observed sporadic hourly
rate (corrected for limiting magnitude, r = 3.4) and a standard
value of HR = 10:

ng X T6,5—Lm

TR [T ©

The choice of 10 sporadic meteors per hour defines, in first
order, a standard observer’s probability of detecting meteors
(see Appendix). ¢, varies between 0.4 and 2.5 and has a median
value close to 1.0 (= no correction). Values are listed in Table 1.
I do not allow for a y dependence in this correction factor and
it is assumed that the observers do not change their observing
techniques while at different locations. The relative sporadic
rates indicate that this was - with a few exceptions - the case. This
rather rough correction aligns the meteor counts to within some
20% typically (from a comparison of activity profiles of the
Perseids: Jenniskens 1989a). The perception coefficients were
found to vary little from year to year with a one sigma spread
of about only 8% (Table 1).

Figure 3 shows the annual variation of sporadic activity after
correction for observer perception. The sporadic meteors are all
those meteors that are not from one of the radiants listed in Table
3. The southern hemisphere has almost constant rates, while the
northern hemisphere has lowest rates in spring (Ag = 30) and
highest rates in autumn (Ag = 230). This annual variation is
mainly due to the position of the ecliptic, with sporadic activity
being higher for a higher position of the ecliptic on the sky
(dashed line in Fig. 3). The observed peak-to-peak variation is
not large: only some 40% at +52N. (It is not excluded that the
rates are affected by variations in observer perception, due to
observers who try a bit harder in the quiet season.)

The sporadic rates are not much affected by the selection of
minor streams from the sporadic background. The average HR
is around 9-9.5, slightly less than 10, due to the use of a median
cp value and a skewness of the ¢, distribution to high values.

3.5. Distance between center of vision and the radiant

The observed rates depend strongly on the angular distance be-
tween center of vision and the radiant (D). There is an opti-
mum at about 35 degrees distance and rates drop quickly for
distances beyond 90 degrees. Wood (1986) suggested the rela-
tion shown in Fig. 4. This is compared to the number of meteors
photographed by a series of 21 small F2/50mm cameras that ho-
mogeneously covered the sky above 15 degrees altitude during
the summer campaign in 1989 from Meterik in the Netherlands
(ter Kuile 1989). The data are in good agreement. The first two
points of photographic data are most severely affected by the dif-
ference between the integrating properties of photographic film
and the human eye and can be neglected in the comparison with
the proposed dependency for visual counts. Visual abservers
are alerted by movement and see less meteors when observing
straight at the radiant than by observing D = 35 degrees away
from it.

HSES-088

995

L L (L L SR B I e o

HR | +52 Lat.j-
15 F | 4

Lo T L
NS J { | {.[ ]

TT T[T

s
-+
-+
—4
-+
-4
+
-+

HRE... b )#(
15-:_+ *
toft

el oe g g

ax ol 45 |

0 B A G T T T O NI
0 50 100 150 200 250 300 Ao

Fig.3. Annual variation of sporadic activity HR = na/(cpTess) On
southern and northern hemisphere. The rates are averages of rates be-
tween local time 22:00 h and 04:00 h

Because the center of vision is usually within 60 degrees
from the radiant, no additional correction of the rates is needed.
However, observers may occasionally have watched further
away from an active radiant, for example, when observing sev-
eral streams simultaneously. This can cause a systematic under-
estimation of rates up to a factor of two.

3.6. Year to year variations in meteor activity

Evidence has accumulated that the rates of the major stream
vary from year to year. However, many reports of such varia-
tions are the result of instrumental effects and variable observing
conditions. With the exception of meteor outbursts that are as-
sociated with recent cometary ejecta (Jenniskens 1994), large
annual variations in meteoroid flux along the mean orbit of the
stream are not likely, because the dispersion in meteoroid ve-
locities is such that any density variation along the orbit of the
comet is smoothed out in tens to hundreds of years (i.e. Murray
et al, 1980).



996

N T L 1 T ]
-2 T 1

160 | ]

exp ( ((D-35)/57 )'9)

120

80

40

120°

80° 160° p
Fig.4. Rates as a function of the angular distance (D) between the
center of vision and the radiant. A functional dependence suggested
by Wood (1986) is compared to the number of photographed meteors
by a system of 21 small cameras that covered the sky homogeneously
above 157 altitude during a Perseid campaign (ter Kuile 1989)

Annual variations of the peak activity of some major streams
have been reported at the level of 20-50%, and have been linked
to conditions in the upper atmosphere, notably to variations in
the density gradient at altitudes near 100 km (Lindblad 1968;
Hughes 1974; Ellyett 1977). The density at a given altitude in
the upper atmosphere is found to decrease up to 35% during
a geomagnetic storm and by 10-15% following a geomagnetic
disturbance. Lindblad (1978) found this to directly affect meteor
radar rates by 20-25%. A decrease in density gradient will result
in a lower peak brightness (Am) for a meteoroid of given mass
and entry conditions, which again may result in lower detection
rates by about a factor x*™. Alternatively, planetary perturba-
tions by Jupiter have been proposed as the cause of the small
periodic variations in meteoroid flux density (i.e. Hajduk 1986).
The 12 yr peried of Jupiter comes close to the 11 yr periodicity
in solar activity, which affects the upper atmosphere conditions,
However, currently there is no evidence that Jupiter is the cause
of the variations. Finally, detectable variations in stream activity
are expected when the geometry of Earth orbit and meteoroid
orbits changes quickly. For example, the Bootids and Geminids
are swept by the Earth’s path over a timescale of 100 yr (Murray
etal. 1980; Fox et al. 1982). But this process is so slow as not to
affect the relative rates over the 11 year period considered here.

Figure 5 shows the Perseids and Orionids for individual
years between 1981-1991 (which covers one solar cycle from
max. to max.). The rates of these streams are, again, found to
vary by typically 20% from year to year. Peak rates occurred
in 1985 during solar minimum. Previously, peak acitivty was
noticed in 1963 and possibly in 1953 (Lindblad 1968, 1980;
Hughes 1976; Zvolankova 1984) from which a period of 11 yr
follows and a period of 12 yr is excluded.

For the other major streams, for which fewer returns have
been observed, I find no significant variation from year to year,
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Fig. 5. The year to year variation of peak activity of the Perseids, Ori-
onids, and sporadics. Data for the Perseids of 1980 are discussed in
Jenniskens (1992b)

that is, over a factor of two or more, with the exception of occa-
sional meteor outbursts, like those of the Lyrids in 1982 and the
Ursids in 1986. Meteor outbursts are rare and stand out clearly
from the annual activity. From this result I make the assumption
that the rates of the minor streams, similarly, do not vary signif-
icantly from year to year. This justifies the combination of data
from several returns in order to gain in statistical weight.

3.7. Discussion of uncertainties

Adding data of several returns decreases the statistical error in
the counts, but at some point other random errors, or worse,
systematic errors become the dominant limiting factor.

The statistical error in the meteor counts, which have a Pois-
son distribution, is given by:

()

where N is the total number of observed stream meteors. For N
= | the best estimate of the ZHR is at 2/3 times the calculated
value.

For large enough N systematic errors become dominant.
After correction for limiting magnitude, observer perception,
and radiant altitude dilution, which all carry a limited accuracy,
there remain uncertainties due to possible changes of observing
technique, lack of concentration, a viewing direction far away
from the radiant, etc. For a large enough dataset these may act as
random errors, but that is not at all certain. For example, minor
streams are often observed during the activity of a major stream.
In that case, there may be a systematic constraint on the viewing
direction with respect to the radiant.

The activity curves are sensitive to meteor classification er-
rors. The contamination by sporadic meteors in the counts due
to chance alignment has been estimated by Koschack (1991),

oZHR=ZHR/\/(N)
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who found that 3-5 % of sporadic meteors are classified as a
stream member for a chosen radiant position at altitudes 30-60
degrees, and Vo, = 30 — 60 km/s, and a radiant diameter of 10
degrees. This limits the minimum detectable Zenith Hourly Rate
to about 1 and overestimates the rates at a low level of activity.
On the other hand, due to plotting errors a percentage of stream
meteors are not counted as such, depending on the location of
the center of vision relative to the radiant. For a distance of 30
degrees from the radiant, about 7% of meteors may be wrongly
classified; for a distance of 60 degrees this may be as much as
25% (Koschack 1991).

The detection limit of a meteor stream is a complex function
of, for example, the position of the radiant on the sky, the dif-
ference between entry velocity of meteor stream and sporadic
background, and the presence of nearby meteor streams with
similar entry velocity. The minor streams listed in Table 3 are
the ones that stand out most clearly.

4. The shape of the activity curves

Zenith Hourly Rates are calculated for each observation, which
then are averaged over an interval in solar longitude (Ag) In
order to arrive at rate estimates of about equal statistical weight.
The ZHR data are plotted on a single-log scale against Ao
(equinox 1950.0). Several of the major streams are shown in
Figs. 6-9, all other streams in Fig. 11. Southern hemisphere
data, from NAPO-MS members, are given by crosses, while the
northern hemisphere data, from DMS members, are given by
dark points. The individual points are not smoothed by asliding
mean, because that may affect the slopes of the ZHR curves,
but instead are averaged over an interval in solar longitude not
exceeding 1 degree. This retains full time resolution (1 hour
intervals) if indicated by the density of points. Error bars are
according to Eq. 7, where N is the total number of observed
meteors in an interval of solar longitude.

4.1. The Perseids

The Perseids is the best studied stream, because meteors appear
during summer holiday in the northern hemisphere. In total,
14,635 meteors are selected for the construction of the activity
profile in Fig. 6.

The data can be compared to the fairly completely sampled
Perseid results of Denning (1898), Zvolankova (1984), Lind-
blad (1986), Veltman (1983b, 1984, 1986b), and Mason & Sharp
(1981), which is done in (Jenniskens 1986). There is good agree-
ment between these visual results and the radar data by Simek
& Mclntosh (1986) and Lindblad & Simek (1986). The activity
profile is well represented by four straight lines in a log—normal
plot:

1 Between 120 and 137° there is a nearly exponential increase
of activity (a linear increase in Fig. 6) with a slope (B) of B
= 0.050£0.005 in log(ZHR) per degree of solar longitude
up to a level of activity of ZHR = 18 at Ag = 137.0. There
is some evidence that the slope may be somewhat steeper
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below Ag = 130 (B ~ 0.057) and shallow between Ag = 130

and 137 (B ~ 0.017).

The main peak is essentially symmetric with, again, expo-

nentially increasing and decreasing branches (B = 0.20+0.01

°)~"). There is no evidence of stable submaxima in the peak
profile as suggested by Roggemans (1989). The centeroid
is at AG** = 139.44+0.03 (weighted mean between Ag =

137.1 and 141.7). The mid-point between levels of half the

peak value is at Ag = 139.43,

3 Between 142 and 152 degrees is a fast exponential decrease
in activity starting from ZHR = 17 at Ag = 141.8 with a
slope of 0.083+0.017 °)~', but this value depends heavily
on some low rates observed near Ag = 152.

These values for slope and peak activity are listed in Table
3b. A good fit to the curve can be obtained by a sum of two
sets of exponential curves (as shown in Fig. 6). In that case the
slopes of the main peak come out a bit steeper;: B = 0.35 and
(ZHR a0z = 70) and the background component has B* =0.050,
B~ =0.092 (ZHRnqr = 23). Note that this fit does not account
for a possible shoulder near Ag = 130 (Fig. 6).

The nodal regression of the orbit can be derived by com-
paring the centeroid of this profile with that of Denning (data
from 1868-1896; mean 1885) and the weighted mean time of
maximum given by Zvolankova (1946-1953), Lindblad (1953-
1981), and Mason & Sharp (1980). These values are respec-
tively Ag = 139.31+0.08, 139.22+0.08, 139.28+0.03, and
139.3340.05. This suggests that there are significant variations
of the node of the Perseids on a timescale of 100 yrs, with
a positive shift of some 0.0047+0.0005 °/yr in recent years.
However, historic records of Perseid returns indicate that over
long periods of time (t) the node remains fairly constant. Over
the past two millenia Hughes (1982a) has: AG*(1950.0) =
138.48 +0.00038 + 0.00027(1950.0 — t(yr)).

8]

4.2. The Geminids

Another example of a stream with a definite background tail in
activity is the Geminids. The Geminids are as active as the Per-
seids, but observations are hampered by bad weather conditions
during the winter. The northern hemisphere data are mainly
from 1990 and 1991. The stream is observable from the south-
ern hemisphere, although under less favorable conditions. The
calculated ZHR values from northern and southern hemisphere
data are found to deviate by 35%.

Again, the profile is well represented by exponential slopes.
However, contrary to the Perseids, and most other streams, there
is clear evidence for asymmetry in the main peak, with a shal-
lower ascending branch. A fit to the main peak gives: B* =
0.39+0.04 and B~ =0.72+0.10. A decomposition in two com-
ponents with exponential slopes centered at the peak position
gives B* = 0.5920.07 and B~ = 0.81£0.10 (ZHRmaz = 74)
for the main peak. The asymmetry in the peak may reflect the
way particles are lost from the parent body. Fox et al. (1982)
showed that the pre-peak material is probably ejected at anoma-
lies between 0-135 and post-peak material contains somewhat
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Fig.7. The Geminids

more material ejected between anomalies 180 and 225. Alter-
natively, planetary perturbations can account for an asymmetry,
although there is no sign of the hollow structure that was found
in the modelling (Jones 1985). The effect of radiation forces is
discussed in Olsson-Steel (1987).

MclIntosh & Simek (1980) found a relationship between the
time of maximum and meteor magnitude: A = 261.3 —
0.135m. This result is confirmed from visual observations by
Spalding (1984), who considered meteor rates averaged over
time intervals of 0.25 days and found: A%* = 261.55 +0.05 —
0.078 £ 0.025m,. Simek (1978) found from radar data that
the maximum for given meteor magnitude is at: 260.54+0.11
(+6),261.17+0.07 (+1.8) and 261.39-0.09(-1.3), which results
in AZ** = 261.29 — 0.118m,. A combination of the activity
curve and the change of y over time suggests that the true maxi-
mum doesn’t change very much, but the skewness of the profile

258

259 260 261 262 263 Lo

is magnitude dependent. The time of maximum derived from
fitting exponential slopes to the data hasn't shifted significantly
in 15 yrs: Ag = 261.4+0.2 (1969-1980, Spalding 1982), Aq
=261.4£0.1 (1990-1991, our data). There is no evidence of a
significant shift of the node since the discovery of the stream
in the beginning of the 19th century. The peak in activity re-
mained within error at 261.340.2 (Spalding 1982), i.e. dAg/d
t <0.002 °/yr.

4.3. The Orionids

Most streams satisfy a single set of exponential slopes. One
example is the Orionids, which has a symmetrical profile: rising
and falling ZHRs have a slope of B* =0.122, B~ = 0.098 in the
northern hemisphere data, and B* = 0.140, B~ = 0.140 in the
southern hemisphere data. By folding the data around the time of
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Fig. 8. The Orionids

maximum, and averaging, a mean value of B = 0.105+0.012 is
obtained because the northern hemisphere data after maximum
are abundant and put large weight in the result. The southern
hemisphere data suggest that this value of B may be slightly
underestimated. I adopt B = 0.12. The absolute zenith hourly
rates from northern and southern hemisphere observers agree
well.

The profile is in good agreement with Spalding (1987).
Again, I find no support for stable maxima in the profile as
reported by Stohl & Porubcan (1978), Hajduk (1980), Cevolani
& Hajduk (1987), Hajduk (1986), and Porubcan et al. (1991). A
stable maximum meaning that subpeaks are present in the pro-
files of several subsequent returns at a stable position in solar
longitude, Note that error bars are not normally shown in the
published data. Most of the reported peaks may be due to in-
strumental variations and small number statistics. Although the
existence of filamentary structure was one of the arguments used
in favour of the Ribbon Model by McIntosh & Hajduk (1983)
and McIntosh & Jones (1988), the model does not necessary
imply such filamentary structure. An important result in favour
of a Ribbon Model for the Halley streams is the similar width
(B=0.080+0.014 and 0.12-:0.02 respectively) and the relative
level of activity for 7 Aquarids and Orionids. Notably, the n
Aquarids are only slightly stronger than the Orionids (ZHR ynq-
=37 and 25 respectively).

4.4. The Delta Aquarids

The worst cases with respect to an agreement between southern
and northern hemisphere observers, are the streams of Capri-
cornids and Delta Aquarids. Figure 9 shows the § Aquarids. The
profile is well represented by a single set of exponential slopes
and the profile is symmetric, but the northern latitude observers
(descending branch only) find systematically a factor of 3 higher
rates. This is the most deviant case in terms of agreement in ab-
solute values between southern and northern hemisphere data.
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The same deviation is found for the Capricornids, for which
relative conditions are comparable (Cap, Fig. 11).

The 6 Aquarids are observed under very different conditions
from northern and southern latitudes. While the radiant is almost
in the zenith from southern latitude -32, the radiant stays below
26 degrees altitude at latitude +44 (South of France), where most
of the northern hemisphere data for this stream are gathered.
7 = 0.6, instead of v = 1.1, would explain the large difference
from an effect due to the radiant altitude correction, but this
value seems unreasonably low. I suspect that the difference is
due to classification errors, where more sporadic meteors are
classified as Aquarids or Capricornids at northern latitudes. It
is surprising, though, that the slopes of the resulting profiles are
so similar for both groups of observers.

4.5, The Bootids

Few data are available for the Bootids, or Quadrantids, a major
stream that occurs in early January, often in bad weather con-
ditions. The stream is exceptionally narrow (e.g. Hughes et al.
1979). Most of the stream’s activity variation occurs in a single
night, during which the radiant has a lower culmination at low
altitude in the late evening and rises high up in the sky in the
early morning. As a result, there are quick variations of the var-
ious correction factors and, consequently, many observational
data reported in the literature are seriously in error.

The stream has been studied extensively by radar. The most
thorough study is that by McIntosh & Simek (1984). These data
do not show a profile that is well represented by two exponential
slopes (Fig. 10). The data in all three groups of echo durations
seem to be saturated in the peak of the profile between Ag =
282.40 and 282.75. Surely, this is a perfect example of data not
agreeing with the assumption that emerges from the analysis
of previous ZHR curves: that all streams obey linear slopes in
log-normal curves. However, data of Bel’kovich et al. (1984)
do not show this “'saturation”, while ascending and descending
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- Fig.10. Radar data for the Bootids. Open symbols:
1 Mclntosh & Simek (1984), closed squares: Bel'kovich
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branches agree well with MclIntosh & Simek in the "unsatu-
rated” part of their data, where B* = 1.29 and B~ = 2.28 (Fig.
10). Also data of Poole et al. (1972) do not show signs of satura-
tion (B* (=B7) = 1.5, AZ*® = 282.60 = 0.08). I conclude that
the Bootids, too, are well represented by a set of exponential
slopes and that, indeed, the detection of Bootids by McIntosh
& Simek is saturated in the peak of the profile. Note from their
figures that the real peak is reduced to a minor increase. The
time of maximum is at 282.64-+0.02 (data obtained between
1958 and 1981).

The visual data, shown in Fig. 11, agree well with the radar
data concerning the width of the stream. The data have been
complemented with results by Nolle & Koch (1988), shown
by open symbols in Fig. 11. I find a fairly symmetric profile
with B = 1.820.4 and a peak at Ag = 282.6240.03 (for data
centered on 1987). Recent results from the return of 1992 by
Rendtel (1993b) have a peak at Ag = 282.51:£0.04 and slopes
B* =1.440.2 and B~ = 2.2+0.7, while similar data from 1989
give: Ag = 282.67+0.06, B* = 1.1+0.2, B~ = 1.6+0.2. These
data suggest a similar skewness in the profile than found for
radar data and a difference in time of maximum with respect to
the radar data of less than AAg = 0.15°. These results are at
odds with data by Hindley (1971), who has typically a steeper
decending branch and a peak position shifted to higher solar
longitude: Ag =282.8240.04 (1970 and 1971) and slopes B+ =
1.66, B~ =2.56 (1970) respectively B* = 1.19, B~ ~ 5 (1971),
suggesting that AAg ~ 0.26° (e.g. Hughes et al. 1979). It is
possible that there are significant variations from year to year
around the mean position, but the results are very sensitive to
the reduction procedure and should be interpreted with care.

By combining the times of maximum activity derived from
visual data listed in Prentice (1953) and Hughes et al. (1979), I
find a nodal regression of: AT %* = 282.81 + 0.03 — 0.0048 +
0.0007(1950.0 — £(yr)), which gives a good fit to the data of

281.5 282 282.5 283 Ao

‘et al. (1984). The former data show saturation between
solar longitudes 282.40 and 282.75

the Bootids since their discovery in January 1835, This value is
close to the maximum value calculated from theory by Hughes et
al, (1981). Evidence that the nodal regression for visual meteors
is different from that of radio meteors (i.e. Hughes et al. 1981)
is weak.

The Bootids do show a background activity similar to the
Geminids, but the slopes before and after maximum are ill de-
fined in our data. The adopted values in Table 3¢ agree with
more extensive data by Nolle & Koch (1988) and Rendtel et al.
(1993b). . h : .
Bk $t0 ilitna L2 AR 50 Bhaly s
4.6. Conclusions

B 3 AR,
In conclusion, all meteor streams discussed in this section are in
first order well respresented by linearly ascending and descend-
ing branches if plotted on a logarithmic scale, i.e.:
ZHR = ZHR e, 107B1R0-23%

8)

Some streams need a combination of at least two of such curves.
The main peak of most major streams is symmetric, that is, Bt
=B~ (exceptions: Gem and Boo).

I checked whether a power law, like an r=? dependence,
could fit the data. Only the outer parts of, for example, Perseids
and Orionids are represented equally well by anr~2 dependence.
The inner part shows a much less steep decrease in activity,
where the inner part for the Perseids is between 10 days before
maximum and 3 days after, and for the Orionids between 3 days
before and 4 days after peak activity.

5. Results for other streams

Figure 11 shows the ZHR data of the other 45 streams, in a
similar format as before. I assume that most other streams are
also well represented by a (single) set of exponential curves.

BTsR&3, 18MaB e FA-ab g, GrLCaF 7
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Statistical weight is gained by folding the data around time of
maximum activity A%, Thus, an average value of B is obtained
from a least-squares fit to the data in a log—normal plot. Values
for Ag(max), ZHR 2, and B of all streams are tabulated in
Table 3b. These values refer to a fit to the data of the main peak.
For those streams where a background component is detected,
a decomposition is made (Table 3c).

5.1. Discussion of individual streams

Seven streams out of 50 do not allow an acceptable fit, in all
cases because the rates do not rise much above the detection
limit set by classification errors (aHy, dVe, tCe, Vir, Oph, eEr,
and dEr).

In two cases I was in doubt whether to choose one or two
components. Evidence for a tail in the Ursid stream is weak,
because of a lack of observations. The slope of the main peak
(B =0.61) is unusually high. A single set of exponential curves
would have B* = 0.20, B~ ~ 0.62, and ZHR 102 = 6.2 at
ABT = 270.35. The Pisces Australids are a minor stream of
long duration. Some observations around July 27th suggest that
superposed on a wide background ofactivity there is a prominent
peak of B~0.26, but the peak is not well observed.

Some other cases suggest a complex of streams, with sev-
eral maxima from different radiants during an extended period
of time. The Virginids do not show a well defined activity profile,
ZHRsremain low. The pVirginids stand out from the aVirginids
and other branches in late April and early May in that the me-
teors are somewhat faster in angular velocity and radiate from
a point more in the direction of Libra instead of Virgo. Rates
are 0o low to have a meaningful discrimination of even more
radiants. Another example is the Puppids/Velids complex, with
several radiants in Puppis and Vela. Photographic data show
the presence of a stream of pVelids at solar longitude Ag =
262; RA,DEC = 155,-41: and Voo =55 km/s (Jacchia & Whip-
ple 1961; McCrosky & Posen 1961). Nilson (1964) and Gatrell
& Elford (1975) observed several meteors from this region of
the sky by radar, notably from (262: 143,-44; 38 km/s - the
~Velids II), (257; 140, -50: 41 km/s), and (262; 135, -63: 35
km/s). It is not clear if these radiants produce significant ac-
tivity in the visual range. In addition, Jeff Wood discriminates
from visual observations the oPuppids (225; 102,-45; 38 km/s),
the TPuppids (272; 104,-50; 33 km/s), the (Puppids II (251;
123,-43; 41 km/s), the c-Velids (273; 135,-46; 38 km/s}), and the
wPuppids (290; 113,-43; 35 km/s) (Rendtel 1990a). Obviously,
care should be taken when interpreting the PuV activity curve.

The data of some other streams do show a well defined
profile, but are less reliable than the activity trends suggest.
The ZHR of the wScorpiids near maximum may be affected by
some systematic error as they are based on one observer and
one night only. The same is true for the v Dorids (gDo) and the
€ Eridanids (¢Er). If the latter stream is associated with the new
(e = 1.00025, Marsden 1983) comet Kinkerfues 1853 I1I, then a
maximum is expected at Ay = 169 instead of 152 (Drummond
1981).

fu 5 odé
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Also, care should be taken with the solutions for the € Gem-
inids and Monocerotids. The Monocerotids have a radiant close
to that of the Geminids, but are well observable in a butterfly
shaped part of the sky north and south of the line that crosses
the radiants (Jenniskens 199 1). It is not clear if all observers did
restrict themselves to this part of the sky. Activity peaks in the
night before maximum activity of the Geminids. The maximum
of the Epsilon Geminids is found on Oct. 20, which is two days
before the peak of the Orionids. The activity period coincides
with the period over which meteors have been photographed:
Oct 14-27, which gives some confidence in the final result.

The Taurids have a clearly defined northern and southern
branch, with radiants some 7 degrees apart and significantly
elongated along the ecliptic. From visual observations it is dif-
ficult to separate both branches. The available data of observers
that make this discrimination show a similar curve for both
streams, while the northern branch is slightly favoured over
the southern branch (5:4). This is opposite to photographic evi-
dence, where the southern branch is the more active one (about
2:1). Although both branches may have a different , it is more
likely that the difference is due to classification errors, unless
proven otherwise. Only combined data are shown here.

The Arietids are a daylight stream, but give some visible me-
teors in the hour after both evening twilight and before morning
dawn. The radiant altitude is typically below 10 degrees. The
ZHR calculation leads to a reasonable result only after correc-
tion for zenith attraction (Eq. 4), This may affect the scale of
absolute values. The resulting profile has a peak position close
to that of the radar data by Lovell (1954). The § Aquarids have
similar orbital elements and may be related. The stream has a
width very similar to that of the § Aquarids. Judging from the
relative level of activity, the Earth passes closer to the center of
the stream during the Arietids (ZHRmaz ~ 54) than during the
0 Aquarids (ZHR iy = 1 1.4+1.2).

5.2. The stream cross section

Figure 12 shows the equivalent cross section of all streams as a
function of inclination (i). Only those streams are included that
resulted in aconfident estimate of B (39 streams). The equivalent
cross section is defined in Eq. 25 (Appendix) and in appropriate
units is given by:

At(%)
At(days) = 0.881/B
At(AU) =0.0152/B

The distribution of effective cross sections peaks at At =
0.08 AU, which corresponds to At = 4.6 days and B = 0.19.
At a distance of 0.08 AU from the center of the stream the
activity is a factor of =2 = (1,14 less. It may be no coincidence
that as a "rule of thumb” (McIntosh 1991 ) comet orbits have to
approach the Earth’s orbit to within about 0.08 AU in order to
give a detectable meteor stream (Drummond 1981). I conclude
that the stream cross section is fairly 'circular’ for most meteor
streams, with elliptical main and minor axis ratio’s much less

=0.869/B
)]



1006

180 ll;llllll.‘lllllllilillllllillll&ll’

i :c » Y , :

1504 1= 7 -
X : ./- 1
i « */ 1

120 / dpa .

0.6F ., . SRR, -
0.4; . L. M“ _
o.zl e A ]

0 01 02 03 04 05 06 At

L1

= Eﬁli@! a fa oY
Fig. 12. Distribution of equivalent cross sections (A¢, in astronomical
units) versus inclination (i) and perihelion distance (q). Note that the
widest streams are found for i<15 degrees and small g, with the ex-
ception of the Puppid/Velid complex (PuV), the Delta Pavonids (dPa),
and possibly the Kappa Cygnids (kCy). The distribution of effective
cross sections peaks at At = 0.08 AU

MSS- 08

P. Jenniskens: Meteor stream activity. I

than the value of 10 derived for the Ribbon Model of the Halley
streams, where the major axis is perpendicular to the Earth’s
path (McIntosh & Hadjuk 1983).

Wide streams are found mainly for inclinations less than
15 degrees, which is not surprising because a low inclination
extends the range in which planets affect the particles most
severely. Also, any influence that results in a fast evolution in
the plane of the parent object can be detected most clearly for
low inclination streams.

The Puppids/Velids, Kappa Cygnids, and Delta Pavonids
are exceptionally broad for their high inclination. These streams
stand out, too, in the distribution of stream width versus peri-
helion distance (q) if broader streams are to be found for small
q only (higher ejection velocity from the comet nucleus, Whip-
ple 1951). The most exceptional stream, the Puppids/Velids, is
probably a complex of minor streams. This is a very interesting
complex, because the radiants are far from the ecliptic plane
and some have small periodicity. This suggests a common par-
ent body for many of these streams and a fast orbital evolution.
This complex deserves a more dedicated study.

6. Mass estimates

Thus far the results are relatively straightforward. The conver-
sion of ZHRs to mass influx and total mass of the stream in-
volves a number of additional reductions (probability function
of a standard observer, mass of a magnitude zero meteor, mass
distribution index) and uncertain assumptions about the geom-
etry of the stream and the chosen mass range over which is
integrated.

6.1. Methods

The procedure I chose to calculate the streamn masses is analo-
gous to Hughes & McBride (1989) and outlined in the Appendix.

The integration interval is chosen between 10~%g and 10
g. The mass estimate is dominated by large masses. For the
Perseids, the magnitude distribution index is observed to be
constant down to magnitude -5, which corresponds to a mass of
about 160 g. For some streams with lower entry velocity, y has
been measured down to -3, that is, a mass of similar magnitude
(e.g. Kresakova 1966). Therefore, the upper mass limit can be
set safely at 100 g. The mass of the biggest particles emitted by
acomet can be estimated from Whipple's comet ejection theory
(Whipple 1951), but such values are highly uncertain and few
streams have known parent objects. The size of the smallest
particles in the meteor stream is determined by the solar wind
forces acting on the particle. Estimates again include uncertain
values, e.g. the volume density of the particles. The flux may
level off for particles of masses below about 1076 — 108 ¢
(Hughes 1978). A mass of 10~% g corresponds to a magnitude
ranging fromm =+ 7.8 (Voo =72 km/s) tom = +11.4 (Vo =
18 km/s). From telescopic and radar observations in this mass
range, x is found not to decrease (e.g. Grygar J. & Kohoutek
1965; Jones 1983).
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Table 3a. The meteor streams that are discriminated in this study. The columns list, respectively, the common name of the stream, the radiant
position (RA,DEC) at solar longitude (Ag), the radiant drift (ARA,ADEC; in units of degree of arc per degree of solar longitude), the
geocentric entry velocity of the meteoroids in the atmosphere which includes the Earth’s gravitational acceleration (V..; in km/s), and the
magnitude distribution index (x). The final three columns list the number of stream meleors selected from the database, the total effective
observing time involved (neglecting overlap of streams) and the number of observers who contributed to the data. ") x varies with Ag. The
daily motion of the radiant is derived from photographic radiant positions (i.e. Krésak & Porubcan 1970, Cook 1973) or is calculated from the
(parabolic) orbital elements by assuming a shift in the node only

Code Name JAs RA DEC ARA ADEC Vea x N BTy Naps
Boo Bootids 282 232 +45 +0.6 -0.3 43 25 290 33 8
gVe v Velids 287 125 -47 +0.5 -0.2 35, 30 386 208 6
aCu a Crucids 295 192 -63 +1.1 -0.4 50 29 301 174 5
aHy o Hydrusids 294 133 -11 +0.7 -03 4 28 164 197 5
aCa a Carinids 301 95 -54 +0.4 +0.0 230 195 114 97 5
dve & Velids 325 131 -52 +0.5 -0.3 I¥L 30 147 186 5
aCe o Centaurids 319 209 -58 +1.3 -0.3 5%k 23 297 199 6
oCe o Centaurids 325 177 -36 +0.9 -0.4 51 2.8 247 215 6
tCe @ Centaurids 325 210 -4] +1.1 -0.4 60 2.6 176 121 5
dLe & Leonids 326 160 +19 +1.0 -0.3 23.F 30 57 186 9
Vir Virginids 354 177 +6 +0.9 -0.2 26 30 203 196 10
gNo v Normids 325 249 -51 +1.3 -0.2 56 24 138 97 6
dPa & Pavonids "9 308 -63 +1.6 -0.2 60 2.6 323 162 6
Lyr Lyrids 31 272 433 412 +02 49 27 592 388 15
mVi 4 Virginids 35 227 -7 +0.5 -0.3 20 1 30 54 130 7
eAq 7 Aquarids 45 338 -1 +0.9 +0.3 66 | 217 2935 191 6

CAu  f Corona Australids 56 284 -40 +1.3 +0.1 45 3.1 278 109 6
Sco a Scorpiids 45 240 -25 +1.1 -0.2 35 =25 902 482 6
oSc w Scorpiids 71 239 -20 +1.0 -0.1 21 3.0 261 109 6
Ari daytime Arietids 75 45 +23 +0.7 +0.6 38 2T 39 21 3
Sag ~ Sagitarids 765,271 -26 +1.1 +0.1 29 29 555 387 6
Cet T Cetids 96 24 -12 +0.9 +0.4 66 25 38 15 2
Oph £ Ophiuchids 59 249 -15 +1.1 +0.1 27 L28 29 28 4
tAg T Aquarids 98 342 -12 +1.0 +0.4 63, 125 96 30 3
uPh v Phoenicids 105 21 -43 +1.0 +0.5 48 3.0 47 17 2
oCy o Cygnids 116 305 +47 +0.6 +0.2 3 2 72 98 8
Cap Capricornids 126 305 -9 +0.9 +0.3 25 |20 1654 1441 16

dAN 6 Aquarids North 139 339 -5 +1.0 +0.2 42 33 214 178 5
PAu Pisces Australids 123 337 -33 +1.0 +0.4 42 132 412 241 5

dAZ ¢ Aquarids South 125 339 -17 +0.8 +0.2 43 33 3460 601 11
iAZ t Aquarids South 135 338 -14 +1.0 +0.3 36 (33 260 229 5
Per Perseids 139 46 +58 +1.3 +0.1 61 2.5 14635 1201 10
kCy K Cygnids 145 289 +52 +0.6 +0.3 27 122 582 664 10
eEr 7 Eridanids 154 52 -15 +0.8 +0.3 59 2.8 136 71 5

gDo ~yDoradids 157 61 -50 +0.5 +0.2 4] 2.8 67 34 5
Aur Aurigids 158 72 43 +1.0 +0.2 69 2.7 28 37 4

kAg s« Aquarids 176 338 -5 +0.9 +0.4 19 28 29 27 3
Eps e Geminids 206 103 +28 +0.7 +0.1 T 3.0 163 198 15
Ori Orionids 208 95 +16 +0.7 +0.1 67 3.1 2428 417 16

LMi Leo Minorids 211 162 +37 +1.0 -0.4 61 2.7 20 18 3
Tau Taurids 220 48  +18! +0.3 +0.1 36 23 2580 1275 16
dEr & Eridanids 230 55 -2 +0.9 +0.2 31 2.8 62 142 5
zPu ¢ Puppids 231 117 -42 +0.7 -0.2 41 34 215 83 3
Leo Leonids 234 153 +22 +1.0 +0.4 71 34 160 181 13
PuV Puppids/Velids 260 135 -46 +0.8 -0.4 40 29 706 263 8
Pho Phoenicids 252 18 -58 +0.8 +0.4 18 28 77 122 6

Mon Monocerotids 261 100 +14 +1.0 -0.1 430 358 110 145 9

Gem Geminids 261 112 +32 +1.0 +0.1 36 2.6 9692 450 16
sHy o Hydrusids 259 127 +2 +0.9 -0.3 5§90 307 148 10
Urs Ursids 270 223 +78 -0.2 -0.3 35 34 237 132 9
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Table 3b. Results from exponential curves fitted to the ZHR data of the main peak. Subsequent columns list the peak position (AZ%%), the peak
rate (ZHRmaz), the slope of ascending and descending branches (B), average orbital elements, the mass of a zero magnitude meteor M(0), and
the density of matter in the peak of the meteoroid stream (p; in g/cm?). My is the mass in a flux tube of length | yrx Vi, while Mo is this
mass multiplied by the mean period of the meteoroids. Values of M, between brackets are for an assumed period P = 20 yr (these streams lack
photographically determined orbits). Note: *) orbital period of parent comet

Name AR%® ZHRpmaz B 2 q i T M©O) p Miyr Moot
(1950.0) eyl ) (AU % % () (x10~%) (x10%g) (x10% g)

Boo  282.62+0.03 133%16 1.8(4) 53 098 72 94 051 1943 0.2940.05 0.15+0.03

gVe  2850+1.0  24+04 0.1240.03 27 091 56 138 1.13  0.42+0.07 1.0+0.4 0.27+0.10

aCu  (294.7) (3.0+£0.8)  (0.11£0.03) co 090 87 78 028 0.11+0.02 05402 (1.0)

aHy  (299) <2 " 19 031 56 221 046 <016 <10 <2

aCa 3105407 23206 0.16+0.03 co 097 37 144 418 3108 1.8+0.6 (3.6)

dve  (317) <13 L 6o g0 e iiRE T T <bi23 <5 <10

aCe 3187405 73415 0.18+0.03 co 099 106 136 0.7 049+0.10  0.70+0.10 (1.4)

oCe 3227404 22403 0.1540.02 co 087 8 187 026 0.090+0.012 0.20+0.03 (0.4)

tCe (333) <4.5 i o 090 128 180 0.14 <0.13 <4 3

dLe  334+3 11403 0.049+£0.015 273 061 5 237 579 14404 2.1+0.6 0.56+0.18

Vir (339) <l5 5 39 058 4 254 360 <l.06 <2.6 <10

gNo  3523+0.5  5.8%1.0 0.19+0.03 co 089 133 213 018  0.33:40.05 0:4440.07 (0.89)

dPa 3704+1,5  53+07 0.075+0.015 164" 094 107 163 0.4  0.15+0.02 1.240.3 2046

Lyr 31.7£0.3 12.840.7  0.22+ 0.0l 329 092 80 246 031 0.72+0.04  0.7740.03 252409

mVi 3942 2.240.5 0.045+£0.008 34 039 8 333 206 0.79+0.17  2.4+03 0.8+0.2

eAq  45.8%0.5 367450  0.080£0.014 112 058 166 141 010  0.5620.09 1.8+0.4 2.040.5

CAu  (55) <3.0 - (14) 016 87 10 043 <0.15 <0.20 <0.03

Sco 55.240.9" 3.24+04 0.1340.03 365 024 6 355 113 1.04%0.13 1.44:0.5 0.5+0.2

oSc 71:94+0.4 5.2+14 0.15+0.04 38 073 3 321 825 1043 3.6+1.2 1.4+0.5

Ari 761 54412 0.10+0.03 23 009 28 108 082 9+4 36+15 8+3

Sag 88.5+1:1 24405,  0.03720005 43 042 4 7 235 L11+023 37403 1.6£0.2

Cet 95.0+0.7 3.6+1.1 0.1840.04 co 093 143 244 0.096 0084003  0.060+0.007 (0.12)

Oph  (97) (2.3) (0.037) 28 039 Baug 6usmBi0io w6y (4.8) (1.3).

tAq 97.340.5 7.1%1.6 0.24+0.05 oo 044 176, 13 0.1 0204005  0.12+0.02 (0.24)

uPh 110.5£0.5  5.0%1.9 0.25+0.05 co 096 82 321 033 0204008  0.1640.02 (0.32)

oCy  116.0£05  2.5+0.38 0.13+0.03 oo 090 56 339 091 049+0.15 1.06+0.15 @.1)

Cap 1217409 22403 0.041£0.007 38 059 7 37 419 56+07 12+3 4.6+0.8

dAN  123.4%£1.0 1.040.2 0.063+0.020. 42 007 20 111 056 0.055+0.011 0.6+02 0.254+0.11

PAU 123.7+£0.7  (2.9+08)  (0.26:0.05) 90 017 45 57 056  (0.18+0.05)  (0.11+0.04) (0.10+0.04)

dAZ  124:9+03 114£12  0.091+0.010 54 010 26 99 051 056007  3.0+04 1.6+0.2

iAZ 131:0+1.0 1.5+0.3 0.070+0.015 36 025 4 76 101 0.18+0.04  0.47+0.13 0.17+0.02

Per 139.49+0.04 845 0.20+0.01" 135 092 113 289 013 273+0.18  2.92+0.12 39.5+1.5

kCy 146.040.8  2.3+0.4 0.069+£0.005 9.5 1.04 38 348 3.10 3.3+06 13.540.3 12.84+0.5

eEr (152) <40 - oo, . 041 . Bl nlDTHE050L 2200 <2 5

gDo 1550405  4.8+16 0.18+0.06 co 097 64 3 0.6  0.52+0.12  0.7+0.2 (1.4)

Aur  (157.5£0.5) (9+3) 0.19+0.04 49 095 149 312 008 0.11+0.04  0.04+0.02 0.19+0.08

kAg, 1765408  27+05  0.1140.04 SRR 7 S 102D Sk 8 2.941.3 1.7£1.1

Eps 206.0+1.0  2.9+0.6 0.082£0.008 133 078 173 90 0.07 0.019+0.004 0.0049-£0.0009 0.066+0.015

Ori 2079404  25+4 0.12+40.02 39 0358 164 111 0.09 0.18£0.04  0.27+0.09 1.140.3

LMi  209.0+0.7 1:940.7 0.1440.05 449 065 124 317 013 0.04+0.02  0.09+0.03 4.1%1.5

Tau 2229410  73+1.0 0.026+0.003 33 039 5 154 206 6.0+0.8 3143 10.3%1.1

dEr (228) <09 4 o 050 21 80" Ve Cepe <0.4 y

zPu 231.540.5 32404 0.13+0.03 co 096 8 5  061' 0.18+0.02.  0.47+0.16 (0.93)

Leo 2344103 2346 0.3940.08 54 0.98 162 48 0.07 0.084+0.023 0.001240.0002 0.0070.001

PuV. 2511 4.54+0.7 0.034+0.006 1.8 097 70 78 067 0.48:+0.07 16+3 3.040.6

Pho 2517405  2.8+0.8 0.30+0.16 Sk 8920 12auTal: (15D o iR 0.740.5 0.440.3

Mon  2602+0.6  2,0+0.4 0.250.10 534 0.8 37 209 051 00840014 0.0640.02 3.3+1.0

Gem  261.4+0.1 88+4. 0.39(4)/0.72(10) 1.68 0.14 24 225 101  22:1+1.1 3.3+0.6 0.55+0.11

sHy. 2648408  2.5+0.5 0.1040.03 37 025 127 199 0.5  0.039+0.009 0.17+0.04 0.6+0.2

Urs 270.340.3 (11.842.5) (0.61+0.12) L A B 1R Wi (1 0.13+0.04 0.19+0.08
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Table 3c. Some streams are best represented by a sum of two exponential curves as in Eq..8: a main peak-(p) and a background (b). Values are

given of peak activity ZHR 14z, slopes of rising (B*) and decending (B ™) branches, and total mass estimates M, of

the two components.

Name AZ®® ZHRZ,, B? M2, ZHRY, .. Bb* BS- M?,, MC/MP M,

Boo 282.62 110+20 2.5+0.5 0.060.02 2024 0.37£0.10 ~0.45 0.414+0.16 7+4  0.5+0.2
Pau  123.7 20405 ~ 040 ~0.03 0.94£0.1 0.03+0.01 ~0.10 0.25+0.11 8+6  0.3+0.2
Per  139.44 70+5  0.35+0.03 10.7+1.2 232 0.050£0.005 0.092+0.009 35+5 3.1£0.4 46+5

Leo 2344 1946  0.55+0.15 0.0027£0.0011 41 0.02540.006 >0.15 0.021+£0.007 8+4  0.024+0.007
Gem 2614 74+4  (0.59/0.81)+£0.07 0.234-0.03 182 0.0940.03 031+0.12 12405 542 1.4+0.5
Urs 2703 1043  0.9+04 0.07+0.04 2.0£0.5 0.0840.03 0.20.1 0.540.4 7£6  0.6+0.5

A circular cross section is assumed, based on the observation
that the median cross section of streams (0.08 AU) is similar to
the "rule of thumb” distance between comet orbit and Earth’s
orbit to give an observable stream. For wide streams with in-
clination less than 15 degrees, a value of B = 0.19 is taken
perpendicular to the ecliptic plane. The same value is adopted
for wide background components. The strong asymmetry in the
background of, for example, the Perseids suggests that dust in
the background component is less wide spread perpendicular to
the stream than in the Earth’s path.

6.2. Results

Results are presented in Table 3b. Error estimates describe the
certainty of the fit of Eq. 8 to the data points only and does not
include possible systematic errors. The mass estimates are in
good agreement with recent estimates by Hughes (1990) and
Stohl (1986). Table 4 summarizes a number of estimates found
in the literature. The estimates of some of the major streams vary
by as much as three orders of magnitude. Part of this discrepancy
is due to uncertainties related to the shape of the activity profile,
which are constrained in this study.

6.3. Discussion

Other uncertainties remain. The total mass estimate is affected
by the uncertainty in the detection probability (i.e. effective
surface area, sampling efficiency, etc.), the uncertainty in the
median period of the meteoroids, an unknown stream width per-
pendicular to the path of the Earth, uncertainties in the behaviour
of x with magnitude (and mass range over which is integrated),
and an uncertain magnitude versus mass relationship.

The detection probability function P(m) may affect the ab-
solute rates systematically by about 50% (Appendix). Uncer-
tainties in the period vary widely (from 10% up to a factor of
10, if any information is available at all) and can be judged from
the photographic surveys of orbital elements. This uncertainty
can only be diminished by future surveys, Errors due to a non-
circular cross section can be as much as a factor of 10, although
usually should not exceed a factor of three or so. Perhaps, fu-
ture model calculations will allow accurate estimates of the 2-d
cross section of streams. Conversion to a non-circular cross sec-
tion is straightforward. It is also possible to converse the mass
estimates by adopting another relationship of mass and mag-
nitude. If visual light is emitted proportional to kinetic energy,

Tabled. Comparison of total mass estimates with similar estimates
found in the literature, All values are in units of 10'5 g

stream  thisstudy  comparison  reference
Gem 1.4 5.7 Lovell 1954
2.0 Hughes 1974
0.04 McCrosky 1975
16 Hughes & McBride 1989
1.6 Hughes 1990
Per 46 2.0 Lovell 1954
0.88 Hughes 1974
2 Hughes & McBride 1989
31 -‘Hughes 1990
Boo 0.5 0.5 Lovell 1954
0.046 Hughes 1974
1.3 Hughes & McBride 1989
0.13 Hughes 1990
Ori 1.1 50 Mclntosh & Hajduk 1983
0.21 Jones 1983
3.3 Hughes & McBride 1989
7 Mclntosh 1990 influx
by Jones
200 Meclntosh 1990 influx
by Hajduk
Tau 10.3 16 Stohl 1986

then M ~ 10747 instead of M ~ 10-962m_ This causes
the mass estimates to differ by up to a factor of 10 for x=3.5,
but much less for smaller . In this case, the mass is dominated
by small grains for x¥ > 2.51. The uncertainty in ‘the mass of a
zero magnitude meteor is probably about a factor 2. Perhaps,
these relationships can be established with more certainty inthe
future. Finally, the mass estimates can be improved (by a factor
of 2 - 4?) if more information becomes available on the size
distribution (or x) for small and large masses.

7. Summary and conclusions

Meteor counts performed by the 16 dedicated amateur as-
tronomers listed in Table 1 have resulted in a homogeneous
set of meteor stream activity profiles.

All major streams are well represented by exponential in-
creasing and decreasing slopes in activity, resulting in straight
lines in a log—normal plot. There is no evidence for stable sub-
maxima in the stream profiles. The main peak of most streams
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is symmetric. Exceptions are the Geminids and Bootids, which
also are the narrowest streams (with the possible exception of the
Ursids), These streams are exceptional too because of a strong
variation of x with solar longitude.

In a few cases there is a significant background component,
in first order well represented by exponential slopes. The back-
ground component is asymmetric, in all cases with a more shal-
low component in the rising branch. The well observed rising
branch in the background of the Perseids suggests a shoulder
near Ag=130.

I assume that all minor streams are represented by a similar
(single) set of exponential curves and proceed to calculate slopes
(B) and peak activity values (ZHR mqz) (Table 3b). These values,
when inserted in Eq. 8, can be compared to future observations.

Typical short period meteoroid streams have a slope of
B~0.19 (Eq. 8), which corresponds to an equivalent cross sec-
tion of 0.08 AU. This is similar to the typical distance between
comet orbit and Earth orbit needed to give a detectable stream,
which suggests that the stream cross section is usually fairly cir-
cular. Wide streams are found mainly among orbits with incli-
nation less than 15 degrees and small perihelion distance (with
the exception of PuV, kCy, and dPa). These streams are likely
extended in the plane of the ecliptic more than in the direction
perpendicular to the path of the Earth and the ecliptic plane.

Estimates of the total mass in each stream are given in Table
3b. The current mass estimates are for an assumed circular cross
section (except as indicated), a mass regime between 10~° and
10? g, and M(m) according to Jacchia et al. (1967). Uncertainties
in these parameters cause the final mass estimates to be uncertain
by typically an order of magnitude. But conversion to a non-
circular cross section, a different mass regime, or a different
relationship between mass and magnitude is straightforward.

It is hoped that meteor counts are continued in the future in
order to monitor the position and strength of maximum activity
of the major streams and to gain statistical weight for the minor
streams.
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Appendix A: mass estimates

A.l. Influx rate

The distribution of particle masses in a meteoroid stream is as-
sumed to be continuous and according to a power law, resulting
in a meteor distribution: (e.g. Kresakova 1966):
n(m) =n(0) x™ (10)
where x is the magnitude distribution index. X is assumed to be
constant over a range in magnitude (m), for example between
-3 and +5 magn. '

Only a fraction N(m) of all incident meteors n(m) is recorded
by a standard visual observer. The probability function P(m) is
defined such that (Kresakova 1966):
N(m) = n(0) P(m) x™ (11)

The Zenith Hourly Rate is the sum of all observed meteors
per unit time:

ZHR=n(0) Y P(m)x™ (12)

If ¥ and P(m) are known, n(0) can be derived from the ZHR.

The observed rate of magnitude zero meteors n(0) is some-
what less than the true number of incident magnitude zero me-
teors, because of the effect of variable extinction and distance
to the observer. The correction from apparent to absolute (= at
100 km distance) magnitude for individual meteors (Am) is
(Porubcan & Zvolankova 1984):

(13)

where an extinction coefficient of k = 0.4 is adopted. h is the
altitude of the meteor above the horizon, H is its height above
the Earth surface, R the diameter of the Earth. With H~95 km
and R = 6366 km, this correction amounts to 0.5 magnitudes at
h =547 and 1.5 magn at h = 32°. Consider altitudes of h > 32°
only. Meteors of a mass typical of magnitude zero meteors in
the zenith that appear above h = 54° (40% of that part of the sky)
are seen as such, while those between 54° and 32° are classified
as magnitude +1 meteors. The correction becomes:
n(0) <= n(0)(0.4 + 0.6x) (14)

The next step is to normalise n(0) to unit area and time. The
effective surface area (Ag) considered here, i.e. h> 32°, de-
pends on the height where meteors reach their maximum bright-
ness, which depends on the entry velocity. For heights between
70 km (Voo = 20 km/s) and 100 km (V, =72 km/s), Ag ranges
from 3.84 x 10'* t0 7.74 x 10'*cm?. The rate of magnitude zero
meteors in the peak of the stream is:

ZHRuaz(0.4 +0.6x)

= 5. Plm)x™) Ap 3600 (15)

n(0)
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The total mass influx is (from Eq. 10):

Fyr =n(0) ) M(m) x™ (16)
where the mass of a meteor M of magnitude m is given by
(Jacchia et al. 1967) from Super Schmidt photography:

logM(g) =5.15 — 0.44mypn(magn.) — 3.8910g Veolkm/s)

—0.67log(sin(h,.)) (17)

Photographic magnitudes relate to visual magnitude estimates
as: my = 0.71 mpp, + 1.30 over the interval for which these
relations are derived (-0.5 < my < 2.5). Therefore, Eq. 17
equals:

logM(g) = 6.06—0.62m,—3.89l0gVey (—0.5 < m, < 2)(18)

where the small sin(h,)-term is neglected, by adopting a rea-
sonable A, = 45°, The mass of a zero magnitude meteor is:

M(O) R 106.06—3,89!09(Vw} (19)

and the influx rate becomes:

Fir =n(0) M(0) > 10tosx-062m )

where Vi, is in km/s. The summation is over the magnitude
interval where x is assumed constant. Note that for all logy —
0.62 < 0, i.e. x < 4.17, the total mass is dominated by large
grains.

Fig. 13. The vertical asymmetry in the meteor detection probability.
The field of view has a butterfly shape, The graph shows, as a function
of the distance from center of vision and hour angle (up = 12 hours,
etc.}, the number of Geminids (right: absolute number; left: per unit
area on the sky) as observed by the author from a location in the South
of France during the night Dec. 13/14, 1990, between 00:00 and 03:00
UTC. The center of vision was on the radiant and close to the zenith
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A.2. The probability function

I have derived the probability function P(m) for a standard ob-
server from a series of DCV (Distance from Center of Vision)
estimates by observers Jobse, Veltman, and Jenniskens using
the method described by (Jenniskens 1989¢). The observations
are done at standard limiting magnitude Lm = 6.5 and the usual
observing conditions regarding obstruction, viewing direction,
etc. The method assumes that all +2 and brighter meteors are
seen in an area with diameter 15° around the center of vision,
The number of weaker meteors seen in this area is corrected by
adopting a value of ¥ derived from the brighter meteor distribu-
tion (m < +2). Then a homogeneous distribution of meteors is
assumed for the whole sky with A > 32°. The actually observed
number relative to the calculated total number gives P(m).

The result for two typical observing conditions is sum-
marized in Table 5. +52N refers to conditions in the Nether-
lands, where the limiting magnitude often tends to drop quickly
toward the horizon. +44N refers to conditions with transpar-
ent skies down to the horizon as during observations in the
South of France. Our observers, accustomed to conditions in
the Netherlands, tend to miss more faint meteors near the center
of vision but notice more bright meteors farther out when ob-
serving in perfect transparent skies. The relevant parameter is
2om P(m)x™, which, of course, is x dependent. Values for X=
2.5 and x = 3.5 are listed in Table 5 and compared to literature
data. I find values a factor of 2 less than those of Kresakova
(1966) and observer Rendtel (cp = 1.3+0.2) in Koschack &
Rendtel (1990b).

Figure 13 is illustrative of how detection sensitivity falls off
for D > 15°. A loss of meteors in the central area would cause an
overestimation of X, P(m)x™, opposite to what is suggested.
On the other hand, P(m) values wil be a factor 1.8 larger if the
DCYV limit of 15° is actually at 20° for all three observers. Such
systematic error may occur due to the intrinsic length of meteors.
A compromise between P(m) from DCV estimates and those of
Kresakova (1966) and Koschack & Rendtel (1990b) probably
is the best estimate for P(m) of a standard observer (Table 5,
adopted).

A.3. Mass density and mass

The density of matter in the peak of the meteoroid stream (in
glem?) is given by:
=105V,

with V; the geocentric velocity of the meteoroids (in km/s):

Vo =/VZ —11.22

The total influx of matter perpendicular to Vs has to be
transformed into one perpendicular to the heliocentric velocity
of the meteoroids (V). The velocity of the meteoroids in their
orbit at a distance R from the Sun is:

Vi =Ve\/2/Rg — 1/a

(21)

(22)

(23)
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Table 5. Probability function of a standard observer, for an observing
surface at altitudes above h > 32°, from a location in the Netherlands
(+52N) and the South of France (+44N). Conditions in the Netherlands
include horizon obstruction and a fast drop of limiting magnitude to
lower altitudes. The results are compared to data from [1] Kresakova
(1966) and [2] observer J. Rendtel in Koschack & Rendtel (1990b)

m, P(m)  P(m) P(m) P(m)

+52N  +44N (1] [2] adopted
-2 0.58 0.72 0.75 0.99 0.75
-1 0.44 0.72 0.73 0.99 0.73
0 0.36 0.72 0.70 0.99 0.70
I 0.26 0.58 0.68 0.80 0.63
2 0.19 0.33 0.64 0.64 0.48
3 0.14 0.21 0.43 0.35 0.32
4 0.072 0.046 0.12 0.10 0.09
5 0.0l16 0.0051 0.015 0.030 0.009
6 0.002  -- 0.00013 0.007 0.001
EnP25™ 95 10.2 20 22 15
En P33 33 26 56 71 43

from which Vi is obtained by inserting Rg = Rg = 1 AU in
good approximation (a in AU). The angle § between Vi and the
heliocentric velocity vector of the Earth (Vg ~ 29 — 30 km/s)
is obtained from:

VE-VE+VE

; 1 5

Define the equivalent cross section (A t) along the Earth’s
path from:

) (24)

Atavnar oa

ZHR'd\o+ / ZHR™d)\o(25)

’\GJ max

At+ZHRoinz = /
-0

where ZHR™ and ZHR ™ refer to the ascending and descending

branches of the ZHR curve. For the general shape of the ZHR

curve in Eq. 8, the equivalent cross section is (in units of degree

solar longitude):

1 1

At:(i+~—)—-—

B, B_’In(10) (25)

Perpendicular to the heliocentric velocity (Vi) of the meteors,
the effective surface area becomes (At in seconds):

_ _AtAy
T4
where I allow a different equivalent cross section perpendicular
to the Earth orbit (At;). I assume A, = 4.6 degrees (B = 0.19)
for streams with inclination less than 15 degrees and At > 4.6°,
while Aty = At otherwise. Now the total mass, integrated over
the whole flux tube, i.e. multiplied by the period of the particles

P, is given by:

(Ve (Vo /Vi) sin(6))? 27)

At Aty

Mo =243 x 107 For v VE(Ve [/ Vi) siné P (28)

ﬁ4§5¢0£6
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with At in degrees, Pin yr, and V g in km/s. Table 3b lists values
of M;,; as well as values of the total mass given that P =1 yr

(M]yr)-
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Poisson Distribution
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20210914 021017 -3.0| 64.9| spo 093 111.9]939| & | & | £ Y L=l K S RE
20210914 022835 | Big| -3.9 J5 sPe 0.30 Y | ®Y A #) | oKYEFIEL  RELD Y EEL LB oo MECELL TS
20210914 025022 -0.9] 45.8| spo 0.10| 91.3| 87.0 Y = | B0 [FEBL EL. LHL B ONEREFLLEAAOEONGELDOFEEDLND
2021/9/15|20210916 030705 | Bigi| -1.5 spo 0.17 Y X EE [BABEBICONTRARICELL, BRI LRICHERAICELTS
20210916 041234 -1.5| 68.2 spo 0.33 117.8| 957 & | & #16 |ABETHEALL ALY, B> THEAEL AL '
20210916 043116 | Bigs| -1.3 spo 0.30 Y #0 |DoKYEBBLIELT, W oKYEREES  RBHRALRFRAE L, SR KYEFPLTND
2021/9/16]20210917 041658 -1.4] 65.6 spo 031] 1138/ 939| & | & | BHR, ERE. FihL
2021/9/19]20210920 001420 -0.7| 22.7| spo 1.24] 90.9] 66.0 E Y A EE RPN SEALTVT, ToeF il
20210920 021513 | 84| -03 spo 0.70 E Y Y KE|EMSEISENTNS, BAIZEELTVS
20210920 022759 -1.6| 62.1] J5 sPe 0.30| 111.5| 925 & | & Y FEE |BEMIN TS, ELGAIESNTLVELY
20210920 040212 -1.8| 50.9| spo 040| 110.3| 89.9| & | & £Y £Y i FEE|RRICHZNI—UH, BIEOBVEEELL. ZOERBDTD
2021/9/20|20210920 220523 -0.4| 41.8| spo 0.70| 102.7| 80.1 & | E 'Y [ BY EE |BENMIN TS VETERLTNS . RLICELLTVS
20210920 225557 -0.9] 62.0] spo 043] 107.7) 89.9] & | & Y | Y 2 [ oKYEEL, ERLEONGEL, AN oTHRERICHELNESE, Bt
2021/9/21|20210922 024857 | H& | -1.4 spo 0.30 Y = 81 [FeBL VA EBED L, EQEEN 2
2021/9/25|20210926 022358 | #sh | -2.6 J5sTa 1.17 E AIZ|HD [ENSBICHENTNS, RRITELLTNBIFELLTLVELY
2021/9/26|20210926 212347 | B&| 07 J5 oGt 0.20 B’ | aY FE |RENMINTNS . ZENMIN TS, ELhL
20210926 232346 -1.5] 67.2 J5 Ori 0.63| 105.4| 91.6| & | & 'Y | &Y | BY I | RO EEL, EREB OO EEL
20210927 010957 -1.2| 56.4| spo 0.37] 111.9) 945| & | & Y b B0 | REFWHERFLTES, HELH
20210927 011558 -0.4] 52.2| spo 0.40| 105.5| 92.5| & | & Y FEE | BE, ERK. AL
20210927 030224 -2.6| 65.8 spo 0.60| 1233| 91.1| & | & £Y A 2o [RENMIN TS, B EEL, FRIEKREEL
20210927 042641 | Bigi| -0.9 spo 0.10 qY [ BY Y A B |BENLEICTRATNS, —EOELE
2021/9/27|20210927 233932 -0.2] 15.7] spo 1.60| 94.8| 705 E Y =410 |BRAIATOTELGEINTOAENESE AL SEISRATNS, EiLiL
20210928 002356 -1.0] 43.7| spo 027 905| 78.3 EE |FRBL
20210928 020512 -0.1] 40.4| spo 0.40| 98.9| 84.6 i Y FEE | BONEEL FRLEONEEL, BRAFTELIMEZ TS
20210928 021415 | Bi& | 0.1 spo 0.10 & 0 [BBIMETED, BELCELLTLED
20210928 022416 -0.9] 29.8| spo 0.83] 100.2| 77.1 5| E Y A HE [P HKYLBAZSHEDLH>TVED, EHBFELTVEL, RERICRICEGLLCATRAANEILLTVS
20210928 023601 -1.2| 61.5 spo 0.17| 106.3| 96.6| & | = =l FEE P KYLALSHNEDOTNS A EHRAFEILL TLVELY
20210928 030318 0.7] 30.8| spo 0.63| 95.0| 81.2 i1 b=l K [BEDSEICHENTNS, BZLEL TN, BULEOELFEVOTEFGAN T
20210928 040800 -0.5| 65.2| spo 0.20] 113.9) 99.2| & | & £Y A EE 8OO KYEEDL>T, REICAZEOEIL . ZH ORI EETRM ?
2021/9/28|20210928 224012 03] 252| J5sTa 0.90| 99.3| 81.1 £ | B JKE | ZAEIEL TR
20210928 230611 -1.7| 9.6 spo 0.40| 90.9| 86.8 #16 | B LTRSS
20210928 235531 -0.5| 62.8| spo 0.33 112.2| 98.9| & | & £Y KT | BMEREEZTAHEIES, fhE—F
20210929 015533 0.3] 615 spo 0.27] 107.1) 920| & | & i1 EE | FEELTOEVETE
2021/9/29]20210930 030348 -1.0] 62.0] spo 0.33] 112.6] 955| & | & HY 2o [BRAIZEERLTVS
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date time B S | Amag| Vg | stream | duration| H1 | H2 [l | &LV | &L | BARE ﬁ;‘;ﬂ) f%;!:‘ Eiﬁ FLK | #EK| B | E | BE |remarks
2021/8/19|20210819 193439 -1.8] 23.8| J5 kCg 0.68] 96.0| 80.3 gY | Y X =l 2 |EmiE, A—RMEICELEHY, BEOBRFLLELONRZS, IL—LEITHBLTVNEDTIL—LLELEAHT
20210819 200502 -0.2| 35.8| spo 0.35] 90.4| 80.5 Y Z 80 [FRY, A TEEENEF TP oY EEIEREIED D
20210820 011804 -0.4| 21.4| J5 kCg 0.50| 92.3| 83.9 aY A FEE | B, RERICPoKYEEE, BRI EDLLEL, ZHLUMEREL. CHEEEEL TN YIH
20210820 013543 -2.2| 64.3 spo 093 1158|917 & | & | £ qY | ®#Y X i KT | BIE T i, K ERES, BIDL, BT, BEICEOHIGELR FORICEL
20210820 024433 0.0 56.6 J5 Per 0.22| 107.2| 97.5| & | & i3 X #0 |KELVD TEHEL AL
20210820 031332 -0.9| 55.7| J5 Per 0.40] 109.1) 903| # | & Y | BHY X L=l ) [RHBEDRE, D oKYLFEHANELL . BONEEHZICKELFEHREL TS
20210820 041540 -2.0| 69.2| spo 0.37] 1155) 90.7| & | & £Y £Y N i FEE|EEET. BHMERSHY, U DEREH TND ERPEFELLL . EEN R D> THLEEBICEILFY
2021/8/22|20210822 191712 -0.7| 25.0| spo 0.60| 100.4| 87.3 =) £Y £Y N A 2o [ HEYRLAGN, FUHNSREXE . BLGVEE, BIMELHY, Z0%E. RRITELBNEIL
2021/8/23|20210824 004941 | B | -1.2 spo 0.20 Y Y A A i< Bﬁéuﬁﬁ;u f%/z( B)i%;(&ua*(&%%étfm‘:h%é
2021/8/25|20210825 202331 -1.6| 24.2| J5 kCg 0.65| 95.3| 79.0 gY | HY ksl f1) |EIm i ZY. BE KE Y
20210826 003006 -2.1| 57.1| J5 Per 0.78] 113.3] 89.9 B E 5 | ®Y b=l FiSto) iﬁiﬁ'ctﬂh'cué %@T—&)ﬁf-ﬁmﬂmtémx%4&)451*0)%1* ERTEMN? mowtﬁ;’cﬁﬁ,ﬁarué
20210826 022930 | B | -1.0 spo 0.17 aY A KF RERE, AEY, BiE 7 SEEK. ERAOELFENLSICEDNLD
2021/8/26|20210827 021641 | Bigi| -2.7 spo 0.20 A KE(BHY, BEE. (FEKE. FEN? BZLREADELIZEL
2021/8/2720210828 035831 0.3] 49.7| spo 0.30] 104.4] 89.1 = & A EE|FE, BLERICAL, EERE BAELL. HDVS, ENEERERICRERANELL BLRE
2021/8/28|20210828 214405 0.9] 14.3 spo 1.00] 89.7| 75.8 E | B Y 20 |RDISEQHE, THLLICRATNG,  NMEYEEM ? . ERIMENERL
20210829 001512 | g5 | -0.3 spo 0.13 FE|FE, BEGCHERNMIN TS, FREL
20210829 005515 0.1] 26.7| spo 0.60| 91.1] 78.3 1 Y i Fo [MOBEDOAE, THOLICRATNS, BONBHEEIEESTVNS . BRIFRLICELLTLS
20210829 023610 0.2| 24.2| spo 1.03| 92.5| 77.2 E | B Y A I |KEGESAHY, ADSEICRATNS I DIALIH AHEVTES
20210829 042253 -2.1| 42.5 spo 0.65| 107.5| 86.3 = Y Y k=l EE|EE EAEOA TS, BEY. ELIENSERASY
2021/8/31|20210901 042612 | B | -2.9 spo 0.40 Y T FEE|FE EFY. BAZRUREERANRLICHILTNEG
2021/9/5|20210905 211929 | #& | 0.2 spo 0.07 i1 FEE |BCCEZR, FFELED
20210905 220403 | B | 0.2 spo 1.34 E | B HY Z K | EARL BULLMERBO T, BELO TEFHEL ALY
2021/9/6| 20210906 222940 0.4] 19.2| spo 0.80| 94.7) 80.1 E | B = | #0 [FET B O THHELELD
2021/9/7) 20210908 032607 -0.3| 41.5 spo 0.20] 90.3| 85.9 Y | BY X 2o | FThbEISHEA TG, BEh bR AETRAANELLET TS
20210908 035310 -1.0| 29.8| spo 0.77| 93.2| 80.3 'Y | Y B [AMLECENTNS BANKRAETRAANELLEIT TS
2021/9/9]20210909 233346 0.0 37.3| spo 0.40| 96.3 849 i1 # (B, ERBL AL, EONERETLERBAADECALELDFILBDND
2021/9/13|20210914 015249 -1.3] 67.2| spo 043] 1152| 953| & | & Y IO |[BODNEEL BEICKELELEL TS D Real TRV EEIN AL (R LIE)
20210914 015642 -2.0] 65.3| spo 0.65| 110.1) 89.4| & | & 0 |FILBL, FEARITTNE
20210914 021017 -3.0| 64.9| spo 093 111.9]939| & | & | £ Y L=l K S RE
20210914 022835 | Big| -3.9 J5 sPe 0.30 Y | ®Y A #) | oKYEFIEL  RELD Y EEL LB oo MECELL TS
20210914 025022 -0.9] 45.8| spo 0.10| 91.3| 87.0 Y = | B0 [FEBL EL. LHL B ONEREFLLEAAOEONGELDOFEEDLND
2021/9/15|20210916 030705 | Bigi| -1.5 spo 0.17 Y X EE [BABEBICONTRARICELL, BRI LRICHERAICELTS
20210916 041234 -1.5| 68.2 spo 0.33 117.8| 957 & | & #16 |ABETHEALL ALY, B> THEAEL AL '
20210916 043116 | Bigs| -1.3 spo 0.30 Y #0 |DoKYEBBLIELT, W oKYEREES  RBHRALRFRAE L, SR KYEFPLTND
2021/9/16]20210917 041658 -1.4] 65.6 spo 031] 1138/ 939| & | & | BHR, ERE. FihL
2021/9/19]20210920 001420 -0.7| 22.7| spo 1.24] 90.9] 66.0 E Y A EE RPN SEALTVT, ToeF il
20210920 021513 | 84| -03 spo 0.70 E Y Y KE|EMSEISENTNS, BAIZEELTVS
20210920 022759 -1.6| 62.1] J5 sPe 0.30| 111.5| 925 & | & Y FEE |BEMIN TS, ELGAIESNTLVELY
20210920 040212 -1.8| 50.9| spo 040| 110.3| 89.9| & | & £Y £Y i FEE|RRICHZNI—UH, BIEOBVEEELL. ZOERBDTD
2021/9/20|20210920 220523 -0.4| 41.8| spo 0.70| 102.7| 80.1 & | E 'Y [ BY EE |BENMIN TS VETERLTNS . RLICELLTVS
20210920 225557 -0.9] 62.0] spo 043] 107.7) 89.9] & | & Y | Y 2 [ oKYEEL, ERLEONGEL, AN oTHRERICHELNESE, Bt
2021/9/21|20210922 024857 | H& | -1.4 spo 0.30 Y = 81 [FeBL VA EBED L, EQEEN 2
2021/9/25|20210926 022358 | #sh | -2.6 J5sTa 1.17 E AIZ|HD [ENSBICHENTNS, RRITELLTNBIFELLTLVELY
2021/9/26|20210926 212347 | B&| 07 J5 oGt 0.20 B’ | aY FE |RENMINTNS . ZENMIN TS, ELhL
20210926 232346 -1.5] 67.2 J5 Ori 0.63| 105.4| 91.6| & | & 'Y | &Y | BY I | RO EEL, EREB OO EEL
20210927 010957 -1.2| 56.4| spo 0.37] 111.9) 945| & | & Y b B0 | REFWHERFLTES, HELH
20210927 011558 -0.4] 52.2| spo 0.40| 105.5| 92.5| & | & Y FEE | BE, ERK. AL
20210927 030224 -2.6| 65.8 spo 0.60| 1233| 91.1| & | & £Y A 2o [RENMIN TS, B EEL, FRIEKREEL
20210927 042641 | Bigi| -0.9 spo 0.10 qY [ BY Y A B |BENLEICTRATNS, —EOELE
2021/9/27|20210927 233932 -0.2] 15.7] spo 1.60| 94.8| 705 E Y =410 |BRAIATOTELGEINTOAENESE AL SEISRATNS, EiLiL
20210928 002356 -1.0] 43.7| spo 027 905| 78.3 EE |FRBL
20210928 020512 -0.1] 40.4| spo 0.40| 98.9| 84.6 i Y FEE | BONEEL FRLEONEEL, BRAFTELIMEZ TS
20210928 021415 | Bi& | 0.1 spo 0.10 & 0 [BBIMETED, BELCELLTLED
20210928 022416 -0.9] 29.8| spo 0.83] 100.2| 77.1 5| E Y A HE [P HKYLBAZSHEDLH>TVED, EHBFELTVEL, RERICRICEGLLCATRAANEILLTVS
20210928 023601 -1.2| 61.5 spo 0.17| 106.3| 96.6| & | = =l FEE P KYLALSHNEDOTNS A EHRAFEILL TLVELY
20210928 030318 0.7] 30.8| spo 0.63| 95.0| 81.2 i1 b=l K [BEDSEICHENTNS, BZLEL TN, BULEOELFEVOTEFGAN T
20210928 040800 -0.5| 65.2| spo 0.20] 113.9) 99.2| & | & £Y A EE 8OO KYEEDL>T, REICAZEOEIL . ZH ORI EETRM ?
2021/9/28|20210928 224012 03] 252| J5sTa 0.90| 99.3| 81.1 £ | B JKE | ZAEIEL TR
20210928 230611 -1.7| 9.6 spo 0.40| 90.9| 86.8 #16 | B LTRSS
20210928 235531 -0.5| 62.8| spo 0.33 112.2| 98.9| & | & £Y KT | BMEREEZTAHEIES, fhE—F
20210929 015533 0.3] 615 spo 0.27] 107.1) 920| & | & i1 EE | FEELTOEVETE
2021/9/29]20210930 030348 -1.0] 62.0] spo 0.33] 112.6] 955| & | & HY 2o [BRAIZEERLTVS
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