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DEPENDENCE OF THE OBSERVED RATE OF METEORS ON THE ZENITH DISTANCE
OF THE RADIANT

J. Zvoldnkovd

Astronomical Instituce, Slovak Academy of Sciences, Dibravskd cesta, 842 28 Bratislava,
zechoslovakia
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3ABHCHUMOCTh HABJIIOOAEMOW YACTOTBI METEOPOB OT 3EHHTHOIO
PACCTOAHUWA PAOUAHTA

Ha ocuopauuy ceeime 17 000 nabnronewnit Ilepcen HEBOOPYKEHHEIM T1A30M HOMyYeHHbIX B obcepBaToOpHi

Cxanbuate Ineco B Tevenne 9 JIET, OMpedeneH MOKA3aTeNb CTENEHHM y NOOpaBoyHoro Qaxkropa cos’z mns

nepeBona HAGMIOIaeMOit YACTOTHI METEOPOB IPH 3HUTHOM PACCTOAHMM PANHAHTA Z HA YACTOTY AMA PAaIHAHTA

B seunte. [TonyyenHasn BEIWYMHA MOKa3aTels creneu y = 1.47 4 0,11 ouenn 6aM3KA K CpelHeil BETHYMHE
NpUMEHAEMEIX KDAHHUX 3Havennit y = 1l u y = 2.

Using more than 17 000 visual records of the Perseids made at the Skalnaté Pleso Observatory over a period

of 9 years, the exponent y in the reduction factor cos? z was derived for reducing the rate of meteors observed

at zenith distance of the radiant z to the rate when the radiant is in the zenith. The value of the exponent
thus obtained, y = 1-47 = 0-11, is very close to the average of the extremes used, y=1 and y= 2.

1. Introduction

Meteor streams are the most suitable objects for
studying the origin and dynamical evolution of inter-
planetary particles. Their basic structural and evolu-
tionary characteristic is the particle density. distribu-
tion in space. It is determined from the variation
of the meteor rate along the trajectory along which
the Earth passes through the meteor stream; the annual
repetition of the Earth’s passages through the same
locations enables us to determine the changes along
the stream orbit.

For investigating the density variation, classical
visual methods of observation are still most important
for several reasons. As compared to photographic
observations, their statistical significance is much
higher: one group of visual observers is capable
of recording a much larger number of meteors in one
return of the shower than the total number of photo-
graphic records now available the world over. As
opposed to radar observations, mostly directional
and limited by the condition of perpendicular reflec-
tion of signals, the advantages are much simpler selec-
tion effects and easier distinguishing berween shower
meteors and the sporadic background. An important
advantage is also that only for visual observations,
series of data coveri'ng many decades or even centuries

Buil. Astron. Inst. Czechosl. 34 (1983), 122—128,

are available. Moreover, visual observations are the
simplest and easlest to reproduce.

2. Conditions of Visual Observation

The density variation within the meteor shower is
reflected in the time variations- of the meteor rate
during the period of passage of the Earth through
the shower. The absolute calibration of the observed
rates depends on a number of factors, among which
the geocentric velocity of the shower is of primary
importance. Since the geocentric velocities of all the
members of every meteor shower aie approximately
the same, the data on the relative variation of the
spatial density can also be obtained without taking
the calibration factors into account. They are repre-
sented in the form of an ideal rate curve as if determi-
ned by an observer under constant ideal conditions:
with the observed layer of the atmosphere perpendi-
cular to the motion of the meteors and with a perfectly
clear and dark background of the sky. These ideal
conditions would only occur in a fictitious casc
when the geocentric radiant of the meteor showef
would be at one of the two poles of the sky, the
observer at the appropriate pole of the Earth, the Sun
close to the opposite tropic, the Moon close to ne¥
moon and the weather completely cloudless. Th
actual conditions differ substantially from the ided!
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ones and, therefore, the observer is only capable
of recording a part of the information as schematically
Jown in Fig. L. The upper continuous curve in the
fjgurc represents the idealized raté variation which
would be observed under the four ideal conditions
mentioned above.

Fig. 1. Idealized and observed rate curve; A = radiant above
the horizon, o culmination, B = sunlight, C = moonlight,
D = cloudiness {(— — partial). The following intervals are
indicated at the bottom of the figure: (A) in which the radiant
is above the horizon, (B) in which the Sun is above the horizon
(dashed line — twilight), (C) in which the Moon is above
the horizon, (D) in which cloudiness occurred (dashed line —
partial cloudiness).

(A) At any position outside the celestial pole, the
radiant is subject to the apparent motion of the sky,
reflecting the Earth’s rotation. While it is below the
horizon, the shower is not observed: after the rise
of the radiant, the efficiency of the observation in-
creases to the point at which it culminates, decreasing
again to zero when the radiant sets. The maximum
efficiency is given by the zenith distance of the radiant
at its culmination and it is only 100 per cent if the
radiant declination is equal to the geographic latitude
of the observer, i.e. if the radiant passes through the
zenith. The resultant curve represents the part of the
activity which is available to radio observations,
independent of the optical condition of the sky.

(B) The first limiting factor is sunshine. This makes
observations impossible while the Sun is above the hori-
zon or just below it, and continuously decreases their
efficiency in time when the angular depression of the
Sun reaches 15° to 5°. From a given point the daytime
part of the curve cannot thus be determined and the
twilight part can only be used after normalization,
taking into account the brightness of the sky back-
ground.

(C) The second limiting factor is moonshine,
effective the whole time the Moon is above the hori-
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zon (about 50% of the time), its intensity depending
on the Moon's phase and position. When the phase
is small, its effect can be neglected, the more so as
it only affects observations at dusk and dawn, or just
before and after. Close to full moon, the Moon has
a disturbing effect nearly throughout the whole night
and the decrease in the observed rate substantially
diminishes its statistical weight even if the appro-
priate correction factors are applied.

(D) The third limiting factor is cloudiness which
may either prevent observations altogether, or decre-
ase the observed rate. The latter effect is difficult
to express quantitatively, because it may be manifest
in three different ways: (1) obstruction of a part
of the field of view by compact cloudiness, (2) decrease
of the intensity of meteor light under partly translucent
cloud veil, and (3) intensifying effects (B) and (C) by
scattering twilight or moonshine under semitranslu-
cent cloudiness.

Effects (B)—(D) can be expressed satisfactorily by
two quantitative parameters: by a change of the
limiting magnitude of the observed meteors (equi-
valent to the change of the limiting magnitude of the
background stars) and by diminishing the field of view.
In the former case the distribution of meteors by
magnitude enters the calculations, in the latter the
distribution of the meteors by angular length and the
manner in which the field of view is deformed. The
reliability and statistical weight of the result naturally
decrease with increasing correction factors.

As can be seen from Fig. 1, only the small and
strongly deformed parts, marked by hatching, are
available for reconstructing the whole activity curve.
The calculations will only yield the sections of the
upper curve, depicted as the bold line, between which
the rate variation (or the relative spatial density) has
to be interpolated. These sections can be filled in
by means of observations from different stations;
if the stations are located at different geographic
longitudes, the main limiting factors (A) and (B) are
phase shifted. We are thus able to fill in the gaps,
which are inevitable in the data from a single station,
even without interpolation. A large phase shift re-
quires stations distributed in different continents,
and this in turn requires taking into account the
systematic differences in methods, conditions and
results of observations (Stohl and Millman, 1973;
Lindblad and Stohl, 1977).

The purpose of this paper is to derive precise
methods of rectifying the rate curves, i.e. of changing
from the hatched areas to the upper curve in Fig. L.
The main attention will be devoted to the dominant
effect (A). i.e. to the dependence of the observed rate
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on the zenith distance of the radiant, which also has
important implications for the physical theory of
meteors. Effect (C), i.e. the disturbing effect of the
Moon, will only be considered for a particular case.
The author deals with effect (B), i.e. with the reducing
of observations at dusk and dawn, elsewhere (Slanéiko-
vd, 1975). As regards effect (D), one can hardly
expect any methodical progress because of the wide
range of cloudiness forms. Besides the case with little
cloudiness is rare and if cloudiness is large, no obser-
vations are made, as a rule.

3. Reduction of the Rate to the Zenith Radiant

Denoting by v the meteor flux density, referred
to the plane perpendicular to the flux, v’ the meteor
flux density referred to any oriented plane of the
horizon,

(1) v

where z is the zenith distance of the apparent radiant.

The actual conditions of meteor observations
differ slightly from this geometric model. As a result
of the curvature of the Earth, we do not observe
meteors in a planar layer, but in a slightly curved
meniscus, bounded by concentric spherical caps.
Provided that the zenith distance of the radiant is
not too large, the curvature will only be reflected
in an apparent decrease of altitude of the meteors
low above the horizon, where the observations are
not particularly efficient. However, once the zenith
distance is close to 90°, the boundary of the target area
is no longer a horizontal circle, but the oblique projec-
tion of the meniscus. For this case Kresik (1934)
derived the relation

A2 )i v

+ r(l —sinz) + H] (2rH + H?)'?,

= VCOS Z,

{.-.v[(.?rH + H?*)'?cosz +

where z is the zenith distance of the radiant, r + H
the radius of curvature and H the mean height of the
meniscus, with r being the Earth’s radius and H the
altitude of the layer above the Earth’s surface, in which
the meteors appear.

If the altitude of the meteor layer H = 100 km,
Eq. (2) holds true for z = 80°.

However, much more important is the fact that the
gradient of atmospheric density along the path of the
meteor varies with the zenith distance of the radiant.
In this way the meteoroids thus enter different regimes
of interaction with the atmosphere and radiation.
The existing physical theories of meteors do not give
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a unique answer to the question how this will chang,
the visibility conditions of the meteor, under simuli,.
neous decrease of maximum brightness and increas
of the length of the luminous path with the zenjy
distance of the radiant. The cosine formula (1), which
is currently used, only takes into account geometric
projection and assumes that the apparent brightnes
of the meteor does not depend on the angle unde
which it enters the atmosphere. The other extreme
is the dependence on cos? z, which corresponds to the
case in which the brightness varies proportionally (g
cos z. Opik (1940) combined both extremes as follows:

@ v -

Ify=1,B=1ify=2 B=0,andif B =05 we
obtain

(4)

From the preliminary processing of the Arizom
Expedition material, Opik obtained y = 1:34. Later,
after a detailed processing of the data, he arrived at
the result B = 1, y = 1 (Opik, 1958), i.e. at a simpie
cosine formula for the observed meteor rate. This
rather unexpected result indicates that the brightness
or average rate of evaporation of meteoric matter
does not depend on the angle under which the meteor
enters the atmosphere. This cannot be explained by
the original theory of meteoric structure which
considered all meteors, regardless of their size, to be
compact stone or metal bodies. However, it agrees
quite well with the theory which considers meteors
to be dustballs (Opik, 1954), loose assemblages o
dust particles. Here shattering and atomization due
to aerodynamic pressure is the primary process of abla-
tion of a meteoroid and evaporation is a secondary
process, which takes place from the small fragments
or dust particles into which the meteoroid disintegrates-

In addition to these most important results, for
completeness we should mention two more which
concern this problem.

By processing the data collected from many years
of observing the Perseids, Schiaparelli (1871) came
to the conclusion that

(5) v

Prentice (1953) suggested the formula

© v =

which is, of course, based on very simplified geometric
considerations and does not take into account the
dependence on the length of the meteor path or the
intensity of light on z.

vcos’z = v[Bcos z + (1 — B)cos® z].

v = 4v(cos z + cos® z).

6 .

= vcost

veos (z — 6°),
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4, Processing of the Observations

The meteor shower which would conform optimally
(o all the conditions for application to our pioblem,
must satisfy three conditions:

1) Its rate must be high enough to be clearly distin-
guishable from the rate of the sporadic background;

9) A high and not too variable level of activity
must last for several rotations of the Earth, to allow
the dependence on the position of the radiant to be
distinguished well from the actual changes of the
Jhower density;

3) The observable range of zenith distances of the
radiant must be as large as possible to render the
variations of the rate with radiant position sufficiently
distinctive.

For practical purposes, condition (2) means that
we have to restrict ourselves to annual regular showers.
In this case the most suitable are the Perseids and
Geminids. The Perseids were chosen for further
reatment. At the time of their activity in July and
August, the weather in Europe is more favourable
and particularly much more stable then for the
December Geminids. In the extensive files of observa-
tions of the Skalnaté Pleso Observatory there is not
a single case of a continuous series of Geminid ob-
servations for more than 4 consecutive nights; the
total number of nights in which more than 100 meteors
were observed, is 7. On the other hand, for the Perseids
there are 36 nights on which more than 100 meteors
were observed and the observation series between
20th July and 21st August 1946 alone contains 9 such
nights. On the whole, the usable material contains
33062 records of meteors of which 17 229 are Perseid
records.

The fact that only the Perseids and Geminids are
suitable for determining the relations between rate
and relative meteor density in the Northern Hemi-
sphere does not, of course, mean that these relations
can only be applied to these showers. On the contrary,
the purpose of this study is to derive relations which
can be applied universally to ail showers. Corrections
for the twilight effects (Slangikovd, 1975) enabled us
10 process the unique observations of the Draconid
meteor shower (Kresdk and Slangikovd, 1975).
Similarly, one can expect the corrections for the
/enith distance of the radiant to serve not only for
hnmogeneizing many standard observations, but as
an important tool in the case of rare events observed
when the position of the radiant is low.

In the present paper, we processed the visual
wbservations of the Perseid meteor shower from the
Years 1944 — 1953, with the exception ol 1945, obtained
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at the Skalnaté Pleso Observatory. Of the total
number of 17 229 observed Perseids for this period,
10 359 were selected for further treatment. All obser-
vations during which the cloudiness amounted to
more than 30%, the observations disturbed by moon-
light (with the exception of 1946) and all the observa-
tions of inexperienced and casual observers were
discarded. The observations were divided into 444
half-hour intervals. The number of observed Perseids
N, the net observable time ¢, and the average cloudi-
ness were determined for every observer in each
interval. The solar depression was calculated for the
middle of each interval at twilight. These data and
the personal coefficients were used to calculate the
corrected hourly rate per one observer:

(7) Jo = 60t i‘r\'"p[irp/kﬂpklﬂ] X

1 1

where f, is the corrected rate, N, the number of
meteors recorded by observer p in a given interval, t,
the net time of observation in minutes, k,, the cloudi-
ness coefficient after Guth (1941), k,, the personal
factor after Stohl (1969), & the number of all observers
who took part in the observations within a given
interval, and t is the twilight coefficient after Slangi-
kovd (1975).

In 1946, apart from the corrections mentioned, also
a correction for the Moon’s phase was introduced
(Zvolénkovd, 1983). In all the other years, the observa-
tions disturbed by moonlight were omitted from
further treatment.

To allow intercomparison of the rates thus obtained,
the rates had to be reduced to the radiant in the zenith.
The zenith rate per one observer will now be designated
by f. and the reduction factor by cos” z. Consequently,

(8) . = offensiiz,

The Perseids belong to the widest meteor showers
with a relatively stable, annual repetition of the activ-
ity curve. Since the Earth comes very close to the
orbit of the parent comet, however, the rate curve
around the maximum is steep and the height of the
maximum may change from year to year as evidenced
by the comparison of observations from various re-
turns (Lovell, 1954). In deriving the exponent y
from observations made in different years, it is neces-
sary to reduce all the shower returns to a single level
(Zvoldnkovd, 1983).

5. Calculation of Exponent y

After reducing all the shower returns to a uniform
level for various exponents y in the reduction factor
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cos’ z, we were able to start determining the value
of the exponent y which would fit the observations
best at various zenith distances of the radiant.

Rate curves were plotted for particular values of
y = 1-0, 1-25, 14, 1-5, 2:0; for y = 1-0 the curve is
in Fig. 2.

200 T T T ; T
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80} 1

=10
160} : 4
140
120 i
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a o ‘:"';"-"-ujll L "-1-'-:
15 120 125 130 135 140 %5 ligea 150

Fig. 2. Rate curve for y = 1.

The natural logarithms of f. were plotted in a graph;
a straight line was fitted to the plotted points. The
calculation was divided into two parts: before the
maximum for /459 < 140° and after the maximum
for I,45¢ > 138° since the maximum activity of the
Perseids shower, according to Cook (1973) falls
in with 1959 = 139°. The calculation was thus made
upto 140° and from 138°, in order to enable the point
of intersection of the fitted lines and the time of the
observed maximum of shower activity to be determined.
-~ This procedure yielded logarithmic frequency curves
for all selected values of y; the one for y =10 is
in Fig. 3.

In determining the most suitable value of expo-
nent y it was necessary to plot the dependence of the
zenith rate on the zenith distance of the radiant.
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Fig. 3. Logarithmic rate curve for y = 1.
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Since the observations were made at various phaseg
of shower activity, all the zenith rates had (o be
reduced to the same phase. We adopted the formuly

= 1/f.., where f._ is the zenith rate derived from
the calculated rate curve, and ¢ are the coefficiens
(one for each half-hour interval) by which the observeq
zenith rates f,, have to be multiplied to reduce them
to the same phase of shower activity. In other words
fiot = fro|f:c [meteors per hour]. If we take the
logarithm of the whole expression,

(8] Inf:at = ]nf.:o s [nf:c

and the expression on the r.h.s. can be determineg
directly in calculating the theoretical logarithmic
rate curve. The values of Inf., obtained in thi
manner were plotted in a graph versus the zenith
distance of the radiant. A straight line was fitted
to the points. The exponent y in the reduction factor
cos? z for which the fitted line comes closest to the
x-axis, can be considered the most probable, because
we adopted a transformation to render f.., = 1. All
the values In f.., = 0 because they lic on the x-axis
for every zenith distance of the radiant.
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Fig. 4. Reduced logarithmic rate curves for a) y=1 and
b) y = 2.
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Figure 4 shows In f.,. plotted versus Z fory = 10
and ¥ 5 2:0.
As one can see from the figures, the value y = 2:0

averestimates the rates at higher zenith distances and
\he value 7 = 1-0 underestimates them. OF all the

¢xponents investigated, y =
fying the condition In f..
+dopted for further treatment.
for individual values of y are in Tab. 1.

1 Table 1

Values of In f,,,. as a function of y

1-4 is the closest to satis-
— 0 and it was, therefore,
The values of In [

; % ‘ 1-00 l 1-40 | 2:00

: BN | |

A= | | |

] 20° | 01794 | 0-0333 ‘ —0:1734

! 30° 0-1120 \ 0-0235 —0:1013

§ 40° 00447 | 0-0138 ] —0-0293

| 50° —0-0227 | 0:0040 | 0-0428

; 60° —0-0901 —0-0058 | 0-1149
70° —0-1574 | —0-0155 | 01870

6. Testing the Results

i (Lowell Wine, 1964).
values versus the exponent y indicates that,
| 10 b e

£ TN = ﬁ tor tG.ZS e P
———m= 3 for tg0s L

to text).

1a0 ¥ 2o

Fig. 5. Testing of results by means of Student’s f-test (re

In order to determine the interval in which the
exponent y = 1-4 is valid with a certainty of 90%
and 50%, the results were tested by means of Student’s
i-test. This test can be used to investigate the difference
b — f between the selectional regression coefficient b
and the assumed value of the theoretical regression
coefficient f. The t-test can be applied to random
selections from (approximate]y) normal distributions

The plotted curve of b-values and its limiting
with

fer
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a confidence of 90%, all exponents p(1-19; 1-75) and,

with a confidence of 509, all exponents y{1-35; 1:58)

are satisfactory, the average value being y = 1:47 as
shown in Fig. 3.

25— T T T T T

I f01

10" 20 30 Lot =l 80" i g0t Z 807

Fig. 6. Reduced logarithmic rate curve for y = 1-47.

Figure 6 shows In f,,, plotted versus z fory = 147
for comparison with Fig. 4.

The values of the reduction factors cos’ z for
various zenith distance of the
radiant = are given in Tab. 2.

various values of y and

Table 2

Values of zenith reduction factors

cos?z for vy
= T
| 100 | 1ms | a7 | 158 | 200
| ! 1
0° \ 100 || 100 | 100 | 100 | 100
10° | 098 | 098 ; 098 098 | 097
27 | 94 |0 002 | O9L 091 | 088
30° | 087 l 082 | 081 | 080 | 075
w | 071 | om0 | o6 | ©ves | 0
s0° | 064 |] g:55¢ | @52 | @50 . 0l
60° ‘ 050 | 039 & 036 033 | 025
700 | 034 | 024 [ 02 | 018 012
00 | 017 0-09 008 | 006 | 003
1 l | I
With regard to the quality and quantity of the

observational material used and to the selection
of the shower, one may hardly expect to determine
the exponent y with a considerably higher accuracy
in future. The final result

y = 147 £ 0-11 (pe.)

is very close to the average of the extremes used,
y=1and y =2 We may certainly claim that the
nearly generally used geometric concept, assuming
y = 1, is not satisfactory for accurate treatment.

On this concept are sometimes based studies dealing
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with the distribution of sporadic radiants in the sky
and systematic errors are then introduced into the
results. Similarly, errors are incurred in the rate
curves of meteor showers, particularly if the curves
are based on shorter observations made from different
locations during one night, and In comparing the
activity of different showers. In this case the activity
of showess with an unfavourable (low) position
of the radiant is underestimated as compared with
the activity of showers which can be observed well.
An example is the pair of showers belonging to the
meteor stream of Comet Halley, the n Aquarids and
Orionids. Many references give a higher reduced rate
for the Orionids, although in their period the Earth is
substantially more remote from the orbit of the parent
comet. This discrepancy can be explained at least
partly by the use of the incorrect value of y = 1,
which decreases the rate of the 5 Aquarids substantially.
A cofactor is the frequent neglection of the increase
in the brightness of the sky, because the radiant
of the  Aquarids rises just before dawn.

The results of this study promise substantially
higher accuracy in dealing with all meteor showers,
in deriving the actual variations of the spatial density
in various streams and in comparing them, in combin-
ing observations from different places and in process-
ing important observations made under geometrically
unfavourable conditions.
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