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An Analysis of the Atmospheric Trajectories of
413 Precisely Reduced Photographic Meteors

Luigi G. Jacchia,1 Franco Verniani,2 and Robert E. Briggs 3

A previous paper (Jacchia and Whipple-, 1961)
contains a discussion of the orbital character-
istics of 413 precision-reduced meteors doubly
photographed with the Baker Super-Schmidt
cameras in New Mexico. The present paper
contains an analysis of the atmospheric tra-
jectories of those same meteors and deals with
the physical aspect of the meteor phenomenon.

A description of the observational material
has been given in the above-cited paper by
Jacchia and Whipple (1961); reduction tech-
niques have been fully described by Whipple
and Jacchia (1957) and will not be repeated
here except for points that need more detailed
explanation. We shall outline here the criteria
used in the selection of these 413 meteors out
of a total of about 3500 meteors doubly photo-
graphed by the Super-Schmidt cameras during
the same time interval. The shutters of the
Super-Schmidt cameras have two 45° openings
and rotate at 1800 rpm; the meteor trail is thus
interrupted 60 times a second and presents the
aspect of a row of segments separated by wider
breaks. In making the selection we deliberately
chose only those meteors that were likely to
yield excellent decelerations. On this basis we
discarded nearly all meteor trails showing less
than 20 clearly discernible segments and those
whose segments were too closely spaced, as

1 Harvard College Observatory and Smithsonian Astrophyslcal Observ-
atory.

1 Centro Nazionale per la Fisica dell' Atmosfera e la Meteorologia del
CNR, Rome, Italy; formerly at Harvard College Observatory and
Smithsonian Astrophyslcal Observatory.

* Smithsonian Astrophysical Observatory.

well as trails appearing against rich star fields
or too faint to be measured with accuracy.
The selected meteors have an average of 40 well-
measured segments on the better of the two
films, and 34 on the other, and for all but 17
meteors the instant of appearance was recorded
visually. A secondary criterion for selection
was that comparable numbers of meteors should
be chosen in the low, medium, and high-velocity
groups, and for each month of the year. For
months particularly rich in meteors, the stand-
ards of acceptance were set a little higher so
that the month in question should not exert
an overwhelming weight in the analysis of
seasonal effects on decelerations. On the other
hand, we have occasionally included a larger
number of meteors belonging to a few selected
showers (Quadrantids, for example) because
their reductions were deemed useful for orbital
purposes.

As a result of this selection, the data pre-
sented here do not represent a random sample,
a fact that should be kept in mind in evalu-
ating the analysis. In particular, it should be
remembered that by excluding meteors with
closely spaced trail segments we have eliminated
more of the low-velocity than of the high-
velocity meteors. The bias introduced by our
selection is added, of course, to the bias already
inherent in meteor photography.

Basic trajectory data are presented in ta-
ble 1.1; the individual determinations of ve-
locity and decelerations with other quantities
derived from them are collected in table 1.2.
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1. Basic meteor theory
In this paper meteor theory is considered only
as a framework for the reduction of the obser-
vational material and is used in its simplest,
most unsophisticated form. We expect that
the observed deviations from this basic theory
might be of some help in future theoretical
work. Here is a summary of the basic equa-
tions and assumptions.

The acceleration v of a body of mass m and
frontal area A moving with velocity v through
a gas of density p can be written as

(1)

where CD is the so-called drag coefficient. For
supersonic velocities, CD has a nearly constant
value close to two for free-molecule flow, and
again a nearly constant value of 0.92 in the case
of continuum flow. The meteors photographed
with the Super-Schmidt cameras have dimen-
sions that are generally small compared with
the mean free path of atmospheric molecules
at the heights at which they are observed, so
we have assumed that free-molecule flow is
valid for them and we have assumed CD=
constant.

The presentation area A can be written as
A=am2/3, where a is a proportionality factor,
which depends on the density and shape of the
body. We have taken a=constant, which is
equivalent to assuming that all meteors have
the same density and shape factor. Equa-
tion (1) can thus be written as

(2)

where C is a positive constant. This equation
is generally referred to as the "drag equation."
The value of C can be determined from the
observed velocities and decelerations if p and
m are known.

The mass m can be computed from the ob-
served light curve of the meteor under the
basic assumption that the am'ount of light Iv

in the photographic domain emitted by the
meteor body at any instant is proportional to
the kinetic energy of the atoms in the meteor
coma that collide with atmospheric mole-
cules (Opik, 1933). The number of atoms in
the meteor coma is, in turn, proportional to

the rate dm/dt at which the meteor loses its
mass, so we can write (Whipple, 1943)

_ Tpdm ,
lp~ 2 dt ' (3)

where TP is a proportionality factor; the sub-
script p refers to photographic intensities. This
equation is generally called the "luminosity
equation."

Since the spectra of meteors consist mainly
of a discrete number of emission lines whose
relative intensities greatly vary with meteor
velocity, we must expect TP to depend on v.

Let us assume that

Tp = TOpV
n. (4 )

Whipple (1943), on the basis of Opik's
theoretical results, had assumed n = l . Using
this value of n, Jacchia (1948) derived from
Opik's data the value T O P =6 .46X1O- 1 9 (c.g.s.),
when the photographic intensity Ip is expressed
in units of the intensity of a zero-magnitude
star. These values of n and rOp were used by
Jacchia (1948, 1949a, 1952) for deriving the
masses of meteors of the Harvard-M.I.T.
meteor program.

Recently, Verniani (1964a), using the ob-
servational material of the present paper,
found n= 1.0±0.15 and T O P =1.OX1O- 1 9 ; the
same values were found to apply also to the
brighter meteors photographed with small
cameras prior to the use of the Super-Schmidt
cameras. Masses (m^) computed using this
new value of TOP are given in table 1.1, after
the values computed with the old coefficient
(m^,). It is these "new" masses (mi) that
have been used in the present analysis; when-
ever the symbol m appears in the tables with-
out a subscript, it is understood that the mass
it represents was computed using TOP= 1.0 X10"19

(c.g.s.).
Meteor masses can be computed from equa-

tion (3). Integrating and taking n = 1, we have

2 r ' 6 1mt>—ma= ~£dt,
T0pJta V

(5)

where the subscripts a and b refer to two ar-
bitrary points on the meteor trajectory. Re-
moving tb to infinity and assuming that the
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residual mass of the meteor, after complete
deceleration, is zero, we have

Top Jt IT TOpV*
(6)

Here, v stands for the effective mean velocity in
the course of the visible trajectory and

E •=r Ldt (7)

is the meteor brightness integrated from the
point corresponding to the time t to the end of
the trajectory. The mass of the meteor before
entering the atmosphere is, then,

TOpJ-

2ET (8)

EPa> is the total photographic light energy radi-
ated by the meteor. For most meteors v does
not change by more than a few percent in the
course of the trajectory, so mm can be easily
evaluated from EPm. The quantity logi0 EPa> is
used in the present analysis as an index of
brightness and is called ea.

In a time interval dt the meteor body strikes
a mass Apvdt of air. This provides a kinetic
energy ^Aptfdt that is used to heat, melt,
vaporize, and fragment the body, causing it to
lose a mass dm. We can thus write

where /? is a proportionality factor that de-
pends on the efficiency of the energy-transfer
process and on the physical characteristics of
the meteor body.

Dividing (9) by (1) we obtain

dm—cmvdv, (10)

where <r=f}/CD. This equation is sometimes
called the "mass equation." Since CD should
be nearly constant (we take it as being con-
stant) and is known with a greater degree of
accuracy than any other parameter of the
theory of meteors, we see that equation (10)
provides the means of determining the factor
/3 for individual meteors when m, m, v, and v
are known. The factor <r, which is the directly
determinable quantity, is sometimes referred
to as the "ablation coefficient."

In (10) we can replace m and dm with their
expressions from the luminosity equation;
solving for a we have

h ^•dt

—vv —vv
(11)

an equation that contains only observable
quantities.

Integrating (10) between two points of the
trajectory characterized by the subscripts a and
b, respectively, we have

<r=2
In ma—In m^ (12)

Whenever more than one independent de-
termination of the velocity is available in the
course of the trajectory it is preferable to deter-
mine a from equation (12), which involves the
integrated light curve and not the instantaneous
brightness as in equation (11); in this fashion
the effect of short-lived flares is smoothed out.
Actually, equation (11) is slightly inconsistent
from the observational point of view because
the instantaneous value of Iv can always be
determined, while v is computed from smoothed
data covering a sizable time interval.
2. The observed decelerations; errors, frag-

mentation
The process for deriving instantaneous decel-
erations has been described in detail elsewhere
(Whipple and Jacchia, 1957); here we shall
repeat only the essentials. Distance Dt from
an arbitrary point is computed for the observed
centers of all shutter-induced trail segments i
on each of the two plates. The constants a,
b, c of the equation

are computed by least squares; k is determined
from four equidistant points on a curve of
Di—vjtt as a function of tt. In the above
equation, b is the velocity of the meteor before
the onset of deceleration, vm; the instantaneous
velocity is given by

v=b+kcekt

and the instantaneous acceleration by
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The aim has been to derive accelerations
about 20 times larger than their inner probable
error. Trails of longer duration, for which it
appeared that a single least-squares solution
would have yielded a much larger ratio v/p.e.,
were subdivided into separate sections, for
each of which an independent deceleration was
computed. In addition to yielding accelera-
tions at different points of the trajectory,
this division of long trails into sections has
the advantage of ensuring an excellent fit of
equation (13), which cannot be expected to
hold perfectly from beginning to end of a
long trajectory.

The sources of error in the results of meteor
reductions have been discussed by Jacchia and
Whipple (1961). They include effects de-
riving from the occasional lack of visual timing
or from a small angle of intersection of the
two meteor trails. Since meteors were not
included in the present material when the
geometric solution was not satisfactory, errors
from these causes in the heights, velocities,
and decelerations can be considered small.
We shall, however, repeat here what was said
in the paper on orbits concerning the effect
of a shutter flutter since this source of error
is greatest in the decelerations.

After a number of Super-Schmidt meteors
had been completely reduced, there was clear
evidence that a "flutter" affected the rotation
of all camera shutters. Although this instru-
mental trouble was later eliminated by the
installation of more powerful motors, it was
nevertheless present during the entire period
of time covered by the meteors included in
this paper.

The shutter flutter was semiregular in charac-
ter and exhibited widely different amplitudes,
ranging from zero to 5°, with a fundamental
period of 0^23, but with occasional lapses into
cycles half or twice that length. When two
or more cycles of the flutter are covered by the
photographic trail, its effect can be eliminated
with relative confidence (Whipple and Jacchia,
1957). For shorter trails, however, the proc-
ess becomes more questionable, and a few
meteors had to be rejected for this reason. I t
should be kept in mind that for short trails
the shutter flutter may be the most important
source of scatter in the deceleration data.

When the observed accelerations v are com-
pared with the theoretical accelerations vT com-
puted from equation (2), a striking feature
emerges. While the accelerations in the early
part of the trajectories are in general statistical
agreement with the theoretical values, they
become increasingly too large, compared to
theory, as one proceeds toward the end of the
trajectories. This systematic effect has been
attributed to progressive fragmentation of the
meteor body (Jacchia, 1955). I t was found
that in the course of an individual trajectory
the variation of log (v/vT) is roughly proportional
to that of the quantity

which was called the "mass-loss parameter."
The proportionality coefficient x> ie.,

d , v
X=-7-logi0—'ds 6 vT

(15)

was called the "fragmentation index." Levin
(1961) rightly thinks that it should more ap-
propriately be referred to as the "progressive
fragmentation index." The introduction of the
fragmentation index has proved very useful—
we could say indispensable—in the analysis of
the Super-Schmidt decelerations.

Severe fragmentation is found to affect the
factor a of the mass equations (10) to (12). While
it may be reasonable to assume that <r is nearly
constant for bodies of similar composition that
experience a gradual and regular ablation in
the course of their atmospheric trajectories, it
is hard to see how it could keep the same value
if the body dissolves in a train of fragments.
In such a case, the numerator in equation (11)
refers to the light emitted by all the fragments,
while the deceleration in the denominator is
probably that of the larger fragments in front
of the train. While the meaning of a may then
become obscure, it still remains a useful pa-
rameter since it characterizes the rate at which
the meteor is destroyed. If we take two
meteors with the same initial mass, velocity,
and angle of incidence, but characterized by
different values of <r, the one with the larger a
will have a shorter duration and greater maxi-
mum brightness.
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A question that logically arises is: what is
the meaning of the observed deceleration of a
fragmenting body? As long as the fragmenta-
tion consists of the progressive flaking off of
the outer layers of the meteor body, we shall
observe the same body at different points of
the trajectory, and the deceleration will refer
to this body. When, however, we have to deal
with a train of fragments of various sizes
that keep fragmenting, we may observe dif-
ferent bodies at different times and the meas-
uring of the acceleration becomes more obscure.
In such cases we often observe a progressive
elongation of the photographic segments ("ter-
minal blending") and, since we measure the
center of these segments, a contribution to the
acceleration may arise from the progressive
shift of the segment center, unless the elongation
happens to increase linearly with time. It
would be wrong, however, to attribute the
anomaly in the observed decelerations (x>0)
entirely to this effect. Although a statistical
correlation exists between x and the magnitude
of terminal blending, it is not infrequent to
find relatively large values of x among meteors
with no observable terminal blending, even in
the presence of favorable conditions for its
detection (long meteor duration, small angle of
incidence). This is what we could expect if
the spectrum of fragment sizes were to vary
greatly from meteor to meteor.

3. The tables of basic observational data
As was mentioned earlier, tables 1.1 and 1.2
list the basic observational data pertaining to
the 413 Super-Schmidt meteors involved in the
present analysis. An explanation of the head-
ings of the tables is given below.
a. Explanation to table 1.1

Trail No. Serial number of trail photo-
graphed at the Dona Ana
station.

Date Year (1952, 1953, or 1954; the
first two digits are omitted),
month and day, with the frac-
tion of the day given to
Ô OOOOl, in U.T.

Shower No. Identification of associated
meteor shower, if any, as indi-
cated in table 3 of Jacchia and
Whipple (1961); the table is

Apparent
Radiant

SinQ

CosZB

Mpm

H

HB

repeated at the end of these
explanations. Only the better-
known showers have been in-
cluded; the letter "Q" after
the code number indicates a
questionable association.

The right ascension a and the
declination 8 of the apparent
radiant of the meteor tra-
jectory. (The true radiant,
after correction for zenith
attraction and diurnal aberra-
tion, can be found in Jacchia
and Whipple, 1961.)
Sine of the angle formed at the
apparent radiant by the trails
as seen from the two observing
stations.
Cosine of the zenith distance of
the apparent radiant.
Velocity with respect to the
stations, corrected for atmos-
pheric drag, in km/s.
Photographic absolute (i.e., re-
duced to a standard distance of
100 km) magnitude reached by
the meteor at maximum light.
Height above the geoid. The
heights listed are as follows:

Height corresponding to the be-
ginning of the photographic
trajectory. The letter "G"
after a beginning height indi-
cates that the beginning of the
meteor trajectory occurred out-
side the film limits and that
the actual beginning height was
greater than the given value.

Height corresponding to the
center of the first measured
trail segment (BD=beginning
dash).
Height of the point where the
absolute photographic magni-
tude of the brightening meteor
reached the value +2.5.

Height of the point where the
meteor reached its maximum
absolute brightness.
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HED Height corresponding to the
center of the last measurable
segment (.ED=end dash).

HB Height corresponding to the
end of the photographic trajec-
tory. The letter "L" after an
end height indicates that the
end of the trajectory was cut
off by the edge of the film
and that the actual end height
was lower than the given value.

LA, LB Length, in degrees, of the trail
as photographed at the Dona
Ana (A) and at the Soledad
(B) stations, respectively.
The letter "G" indicates that
part of the trajectory was cut
off by the edge of the film and
that the true length is greater
than the given value.

D Duration of the photographic
trail, from HB to Hs, in seconds.
The letter "G" has the same
meaning as after LA and LB.

nA, nB Number of measurable seg-
ments on the trails photo-
graphed at Dona Ana (A) and
Soledad (B), respectively.

AM Magnitude difference between
the maximum light of the me-
teor and the film limit, on the
better of the two photographs.

Vis. A, Vis. B Visual magnitudes recorded by
the observers at Dona Ana (A)
and Soledad (B), respectively.

C.I. "Color Index," i.e., photo-
graphic minus visual magni-
tude, obtained by comparing
the maximum of the smoothed
photographic light curve with
the visual magnitude recorded
by the observer. If the visual
magnitude was recorded by two
observers, the mean of the two
values was taken. The photo-
graphic emulsion was Kodak
X-ray, a blue-sensitive film.

<» A measure of the integrated
brightness of the meteor; this
quan t i ty is defined as

X+co Ipdt,

log

W, B

Rem.

where Ip is the absolute photo-
graphic brightness of the me-
teor expressed in units of zero-
magnitude stars.

Mass of the meteor, computed
from the integration of the
photographic light curve, ac-
cording to the formula

m, ' TopJ-. »»
dt.

Two values are given for the
mass: ra^i is the mass in the
Opik-Jacchia system used in
previous listings (Jacchia, 1948,
1949a, 1949b, 1952), computed
using for the photographic
luminous-efficiency coefficient
the value T O P =6 .46X1O- 1 9

(c.g.s.; Ip in zero-magnitude
units); ma2 is the mass com-
puted using T0p=1.0X10~19

(c.g.s.; Ip in zero-magnitude
units), a value close to that
derived by Verniani (1964a).
Logarithm of the quantity a =
(dm/dv)/mv. The given value
is the one that best fits the
whole trajectory. For fuller
explanation, see text (p. 28).
The "progressive-fragmenta-
tion index." For explanation,
see text (p. 33).
Wake and blending, respec-
tively, expressed in an arbitrary
scale from 0 to 4. For fuller
explanation, see text (p. 38). A
letter "Q" indicates that the
given quantity is questionable.
The letters in this column de-
scribe peculiarities in the trail,
as follows:

A: abrupt beginning
F: one or more fragments be-

came detached in the course
of the trajectory
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S: trajectory of unusually
short duration; the film
probably recorded only a
broad flare.

Code for identifying meteor showers listed
table 1.1

in

Shower
No.

None

1
2

3

4
5
6
7
8
9

Shower

Sporadic
meteors

a Capricornids
Southern

Taurids
Southern

t Aquarids
Geminids
8 Aquarids
Lyrids
Perseids
Orionids
Draconids

Shower
No.

10
11
12
13
14
15
16
17

18
19
20

Shower

Quadrantids
Virginids
K Cygnids
Leonids
X Orionids
Ursids
a Hydrids
Northern

Taurids
Andromedids
v Aquarids
Northern

i Aquarids

6. Explanation to table 1.2

All data refer to the center of the trajectory
sections from which velocities and accelerations
were derived by least squares. For each meteor
the data derived from the photograph taken at
Dona Ana are listed first in consecutive order,
followed, in the same order, by those derived
from the Soledad photograph.

Trail No. Serial number of trail photographed
at the Dona Ana station.

H Height above the geoid of the
point in the trajectory for which v

and v were determined.

v Instantaneous velocity of the

meteor, in km/s.

v Instantaneous acceleration of the
meteor, in km/s2.

p.e. Probable error of the acceleration,
in km/s2.

n Number of trail segments used in

the least squares.

Wi The instantaneous mass of the
meteor, computed from

m=-

log

log

A log pob,

A log pc

using the old value T O P = 6 . 4 6 X 1 O - 1 9

(c.g.s.; IP in zero-magnitude units).
The mass-loss parameter

s=\

The logarithm of the quantity
<r=(dmfdv)/mv, determined from
the instantaneous values of m, v,
and dv/dt.

The logarithm of the atmospheric
density computed from the drag
equation

v=-Cm-1/z ptf.

The adopted value of the constant
is log (7=0.333 when the masses are
expressed in the "old" system (mi)
and log (7=0.603 when the "new"
masses (mz) are used.

The difference log pobt — log p,t,
where p,t is the density tabulated
in the U.S. Standard Atmosphere
1962 (1962) for the observed height
H.

This quantity is defined as

A log pcorr = A log pobt— X(S— So),

with so=O.
The weight of A log pcorr, computed
according to the formula

4.

where

*(z)=#[l+erf (2.5 log x-2.1)]

(erf is the notation for the probabil-
ity integral).

Heights, lengths, and durations

a. Description of least-squares analysis; interre-
lation of variables

We have considered four sets of heights:
beginning height HB, corresponding to the
first discernible dash on either of the two
plates; the height Ht.t, corresponding to the
point where the absolute photographic magni-
tude of the meteor reaches the value + 2 . 5
(Jacchia, 1960); the maximum light height
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HML; and the end height HS) corresponding to
the last discernible dash on the two plates.
The heights Hz.i are generally quite close to
the beginnings of the meteors. They have
been chosen for the analysis with the purpose
of eliminating the scatter due to the variability
of the plate limit. Since the increase in light
of a meteor in the early part of its trajectory is
mostly gradual, even small differences in the
plate limit can have a considerable effect on
the height of appearance.

From the basic equations of meteor theory it
is possible to derive expressions that relate
these four sets of heights—or rather the
corresponding atmospheric densities p—to the
parameters -that characterize the meteor
body and its flight. Combining the drag
equation (2), the mass equation (10), and the
luminosity equation (3), we obtain (Jacchia,
1949a)

I=CI^am
2lW, (16)

from which we can compute p at any given
point, provided we know I, m, v, and a. With
the conditions proper to each set of heights,
we obtain

m ;2/3
(17)

p2.5=(l/5CV0p)<r-K8 m-J'3, (18)

PML=(yCHp)a-1(vl-\-&/<x)-1m1J1
3 cos ZR, (19)

and, from the integration of equation (9),

cos ZR. (20)

In equation (17), the symbol /„„ indicates the
limiting magnitude of the film. For a random
selection of meteors we can assume that the
angular velocity is proportional to the velocity
v, so that Ium^Vn, which would result in a
change from —6 to —5 in the power of vm in
the equation. Our meteors were not randomly
selected, but the relation between IHm and t>«,
can be assumed to be still valid in a first
approximation.

In equations (19) and (20), the symbol Hp

indicates the atmospheric pressure scale height;
in the last equation, v is a mean velocity, which
is denned as

J B

pdl
JB

where dl is an element of distance along the
trajectory and B and E indicate the beginning
and end points, respectively.

In all four equations the first factor, in paren-
theses, is a combination of quantities that we
can regard as constants. We have excluded a
from the parentheses because it is a basic
parameter, variable from meteor to meteor,
whose value is generally determined. The other
basic parameters that we find with various ex-
ponents in all four equations are vw, m^, and
cos ZR. It is true that in equation (19) the
velocity term is (v^+Q/a)'1, but this is equiv-
alent to vZn, with n close to 2 (2.2 for ^ = 2 0
km/s, 2.1 for ^ = 3 0 km/s; 2.0 for higher
velocities). In equation (20) we commit only
a tolerable error if we replace v with vm. It is
these four fundamental parameters (v^, m^,
cos ZR, a) that we shall use in the analysis of
the observed heights; we shall add to them a
fifth, the fragmentation index \, which is also
likely to affect the heights. For all sets of
heights we shall write the equation of condition
in the form

log p=C0+Ci log COS ZR + Ci log Va

-f c3 log m, +c4 log <r-\-CiX- (21)

Since the proper form in which x enters the
equation is not known, we have selected the
simplest form, remembering that x is already a
logarithmic quantity. In view of the relatively
weak dependence of p on x, a change in the form
of the last term would leave the solutions essen-
tially unaltered.

Because of natural selection and other factors,
hardly any of the five parameters can be con-
sidered to be entirely independent of all the
other four. For example, there is an obvious
relation between mass and velocity. A less
obvious relation exists between ZR and velocity,
and, therefore, also between ZR and mm, since
the field covered by the Super-Schmidt photo-
graphs was always close to the zenith. A de-
pendence of a on velocity is apparent from the
analysis of the section devoted to the ablation


