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Abstract. — In an attempt to find correlations between properties of comets, we determine the dust colors, dust 
release rates, and dust-to-gas mass ratios in the comae of Comets Bowell (1980 b =  1982 I), Bradfield (1979 1 = 
1979 X), Brorsen-Metcalf (1989 o =  1989 X), Giacobini-Zinner (1984 e =  1985 X III), Levy (1990 c =  1990 XX), and 
Stephan-Oterma (1980 g =  1980 X) using a uniform and systematic analysis of the continuum fluxes measured at 
optical wavelengths. We assume that the continuum fluxes observed in these comets are from light scattered by 
micrometer-sized dust particles. The color of the dust is blue, relative to the Sun, in Comets Bradfield (1979 X) 
and Brorsen-Metcalf (1989 X); both comets have a low dust-to-gas mass ratio (χ < 10%). Comets Giacobini-Zinner 
(1985 X III) and Stephan-Oterma (1980 X) have an intermediate dust-to-gas mass ratio (10% < χ < 40%), whereas 
Comets Levy (1990 XX) and Bowell (1982 I) have a high dust-to-gas mass ratio (χ > 40%). The continuum flux 
from dust particles in comets with intermediate to high dust-to-gas mass ratios is in general red, relative to the Sun. 
However, the color changes to blue in these comets when the dust-to-gas mass ratios are low relative to their peak 
values.

Key words: comets — Bowell (1982 I); Bradfield (1979 X); Brorsen-Metcalf (1989 X); Giacobini-Zinner (1985 X III); 
Levy (1990 XX); Stephan-Oterma (1980 X)

1. Introduction

Spacecraft-based in situ measurements combined with 
ground-based observations of Comet P/Halley revealed 
one of the most important discoveries in cometary science: 
Dust contributes gas to the coma in addition to that re
leased directly from the nucleus. From the measured come- 
tocentric distributions of CO (Eberhardt et al. 1987), CN 
(A’Hearn et al. 1986a,b), C2 (A’Hearn et al. 1986a,b), and 
H2CO (Snyder et al. 1989; Boice et al. 1990; Meier et al. 
1993) in Comet Halley it was concluded that dust parti
cles are direct as well as indirect sources of each of these 
species in the coma. Vaisberg et al. (1986) noticed a dis
tinct reduction of the dust size distribution with distance 
from the nucleus in Comet Halley and proposed fragmen
tation of larger dust particles near the nucleus (R < 10 000 
km) with accompanying enhancement of gas release. Dust
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characteristics may change as dust particles move away 
from the nucleus in the coma and also as the heliocentric 
distance of the comet varies during its apparition. Dust 
release rates and the related dust-to-gas mass ratios in 
the coma are important parameters for determining ele
ment abundances of a comet (Geiss 1988; Jessberger et 
al. 1989). In an effort to find correlations between some 
properties of comets, we present in this paper a systematic 
and uniform analysis of continuum fluxes observed at op
tical wavelengths in the comae of Comets Bowell (1980 b 
= 1982 I), Bradfield (1979 1 = 1979 X), Brorsen-Metcalf 
(1989 o = 1989 X), Giacobini-Zinner (1984 e = 1985 XIII), 
Levy (1990 c = 1990 XX), and Stephan-Oterma (1980 g 
= 1980 X). We determine dust release rates, characteris
tic dust colors, and dust-to-gas mass ratios including their 
variations with heliocentric distances.

2. Theoretical considerations

Dust release rates: It has been shown that the contin
uum flux at optical wavelengths observed in the spectrum
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of the coma of a comet is due to solar light scattered by 
dust. To determine the dust release rates from the nu
cleus, based on continuum measurements in the coma, we 
use the same method as described by de Freitas Pacheco 
et al. (1988), Landaberry et al. (1991), and Singh et al. 
(1992). It was noted by Newburn and Spinrad (1989) and 
also by us (Singh et al. 1996) that the comet nucleus makes 
a significant contribution to the continuum flux, especially 
when the phase angle of the comet is small. The phase 
function of the nucleus can be represented by

ϕN(θ)=ϕ1.e-u.θ, (1)

where ϕ1 = 0.9982, u = 1.842 rad-1, and θ is the phase 
angle in radian. Representing the nucleus by a sphere 
with equivalent radius RN, the nuclear contribution to the 
product of area, An, and geometric albedo is

An . p(λ) ϕN(θ)= πR2N.p(λ). ϕΝ(θ), (2)

where p(λ) is the geometric albedo of the nucleus. The 
phase function of the nucleus and the nuclear contribu
tion An .p(λ) ϕ n (θ) to the product of area and geometric 
albedo at the dates of observations of the six comets un
der discussion were calculated from Eqs. (1) and (2) and 
are listed in Cols. 3 and 4, respectively, of Table 2. The 
observed product of area and geometric albedo of the dust 
coma plus nucleus were computed from Eq. (5) of Singh 
et al. (1992), using the measured continuum flux as listed 
in the Col. 2 of Table 2 at wavelength A. The values of 
A.p(λ).ϕ(θ) of the dust coma plus nucleus are listed in Col. 
5 of Table 2. Subtracting the nuclear contribution, and di
viding by the scattering function, we list the product of 
area and geometric albedo Ad. p(λ) for the dust coma alone 
in the last column of the Table 2. Using these Ad .p(λ) val
ues, we solved Eq. (1) coupled with Eqs. (2) to (4) of Singh 
et al. (1992) numerically to determine the dust release 
rates as listed in Table 3. In Table 1, we list the data sets, 
date (UT), heliocentric distance (r), geocentric distance 
(A), phase angle (θ), and projected diaphragm radius (s) 
at the coma for each observation. These values were taken 
from A’Hearn et al. (1981, 1984), Baratta et al. (1991), 
Schleicher et al. (1987, 1991) and Millis et al. (1982), 
for Comets Bowell (1980 b = 1982 I), Bradfield (1979 1 = 
1979 X), Brorsen-Metcalf (1989 o = 1989 X), Giacobini- 
Zinner (1984 e = 1985 XIII), Levy (1990 c = 1990 XX), 
and Stephan-Oterma (1980 g = 1980 X). The parameters 
M and ϕ(θ) were calculated according to the prescriptions 
of de Freitas Pacheco et al. (1988) and Singh et al. (1992). 
In Table 3 we summarize gas release rates, maximum sizes 
of dust particles (am) that can be entrained by the coma 
gas, effective mean dust particle sizes (a) responsible for 
the continuum emission at wavelength A (see below), dust 
release rates, and mass ratios of the dust-to-gas release 
rates x for the data sets of Table 1. Water is the domi
nant gaseous species in the coma; in situ measurements in 
the coma of Comet Halley have shown that about 80% of

the gas is H20. Thus, we assumed for the coma compo
sition 77% H20, 13% CO, and 10% other gases of mean 
molecular weight 30 amu consisting mainly of C02, NH3, 
CH3OH, N2, H2CO, S2, CS2, H2S, and HCN. For this 
composition the mass gas release rate qg (in units of g/s) 
is

qg = 3.40 1 0-23 Q(H20 ) , (3)

where Q(H20) is the release rate of the number of water 
molecules per second. To determine the dust mass release 
rates and mass ratios of the dust-to-gas release rates, the 
model requires estimates for the nuclear radius, relative 
size of the active nuclear surface area, albedo, and density 
of dust particles - parameters that are not well known 
(Newburn & Spinrad 1985; Singh et al. 1992). We present 
here a systematic approach to determine the dust mass 
release rates and the mass ratios of the dust-to-gas release 
rates assuming an albedo p(λ) = 0.04 and a mean density 
Pd = 1 g/cm3 for the dust particles. We describe estimates 
of other model parameters for the six comets separately.

(1) Comet Bowell (1980 b = 1982 I): Several estimates 
of the average nuclear diameter of Comet Bowell (1982 I) 
are available (A’Hearn et al. 1984; Jewitt 1984; Bailey et 
al. 1992). A CCD photometric image taken on Novem
ber 3, 1986, at record heliocentric distance r = 13.6 AU 
shows a total cross section of 7 1011 cm2 (Meech & Je
witt 1987) for the nucleus assuming a visual geometric 
albedo p = 0.06 (Veeder & Hanner 1981). This indicates 
that the effective nuclear radius of the comet is RN « 5 
km. Optical and infrared observational constraints, for a 
slowly rotating water ice nucleus at perihelion (A’Hearn 
et al. 1984; Jewitt 1984), indicate that the nuclear radius 
is between 3 and 6.5 km, if the whole sunlit side of the 
nucleus was active. We have adopted RN = 4 km for the 
continuum flux analysis and considered the extreme case 
that the entire sunlit hemisphere of the nuclear surface is 
active.

To estimate the gas mass release rates from Eq. (3), we 
utilized Fig. 6 of A’Hearn et al. (1984) for the OH produc
tion rates at the heliocentric distances of the comet listed 
in Table 1 and considered that about 85% of the photodis
sociations of H20 lead to OH at solar maximum (Huebner 
et al. 1992). The gas release rates calculated from Eq. (3) 
are listed in the second column of Table 3. The dust mass 
release rates analyzed from the continuum measurements 
of A’Hearn et al. (1984) at A = 5240 A, assuming a geo
metric albedo of 0.04 for dust particles (Singh et al. 1992; 
de Freitas Pacheco et al. 1988; Landaberry et al. 1991), 
and the dust-to-gas mass ratios in the coma, at the dates 
of observations listed in Table 1, are given in Cols. 5 and 
6 of Table 3, respectively.

(2) Comet Bradfield (1979 1 = 1979 X): Newburn & 
Spinrad (1989) analyzed their continuum flux measure
ments of February 7 and March 17, 1980, in the 4780-4830 
A bandpass filter considering an effective nuclear radius 
of 1 km, 10% active fraction of the surface area, and either
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Pd = Pn = 10 g/cm3 for a geometric albedo p = 0.03, or 
the product of pd and pN equal to 0.3 g2/cm6 for p = 0.04 
for the coma dust. We assumed the same nuclear radius 
and fraction of active surface area. The product of pd and 
Pn enters the equation for the dust release from the nu
cleus.

We estimate the OH production rates for the heliocen
tric distance range 0.57 < r < 0.86 AU from the power 
law fit (3.45 1028r - 3·2) of A’Hearn et al. (1981). Follow
ing the analysis of Comet Bowell (1982 I), the gas pro
duction rates were determined from Eq. (3) and are listed 
in Table 3 for the dates of observations by A’Hearn et al. 
(1981). The dust release rates, calculated from continuum 
fluxes measured at λ = 5240 А, and the dust-to-gas mass 
ratios in the coma are listed in Cols. 4 and 5 of Table 3, 
respectively.

(3) Comet Brorsen-Metcalf (1989 o = 1989 X): Jewitt 
& Luu (1990) detected a flux of 90 ± 18 mJy at λ = 0.8 
cm and analyzed the submillimeter continuum flux. They 
report an average nuclear radius RN = 10 km for Comet 
Brorsen-Metcalf (1989 X). DiSanti & Fink (1991) mea
sured the OI 6300 A line flux on July 13, 1989, (r = 1.36 
AU) and August 2, 1989, (r = 1.01 AU) and derived H2O 
release rates of 2.57 1028 and 7.00 1028 molecules s_1, 
respectively. They showed that the H2O release rates of 
Comet Brorsen-Metcalf before perihelion were about 15% 
of those of P/Halley at about the same values of r (see 
Table II of DiSanti & Fink 1991) and probably obey the 
same r - 2.54 power law.

Since the present continuum flux analysis (see below) 
corresponds to the period August 4 to 19, 1989, we chose 
August 2, 1989, (r = 1.01 AU) to derive Q(H20) = 
7.0 1 028 molecules s-1. At r = 1.01 AU, the water va
porization model of Delsemme (1982) yields a water flux 
of 3.2 1017 molecules cm-2 s- 1. For a spherical nucleus 
with RN = 10 km, the theoretical water flux and esti
mated water production rate indicate that about 2% of 
the nuclear surface area was active in early August 1989. 
Considering a r - 2·54 power law for the water production 
rate and 2% active fraction of the surface area, we deter
mine dust release rates, gas production rates, and ratios 
of dust-to-gas mass release rates as shown in Table 3.

(4) Giacobini-Zinner (1984 e = 1985 XIII): Comet 
Giacobini-Zinner (1985 XIII) has been studied by many 
investigators. The most comprehensive photometric study 
was made by Schleicher et al. (1987) from data obtained 
between June 15.4 to November 20.5, 1985. They ob
served continuum emissions at 3650 and 4845 A and emis
sions from NH, OH, CN, C2, and C3 at optical wave
lengths through different circular diaphragms at the 31, 
42, and 72 inch telescopes at Lowell Observatory. We have 
analyzed their continuum fluxes measured at 3650 and 
4845 A, considering an average nuclear radius of 1.2 km 
(Landaberry et al. 1991), 10% active fraction of the spheri

cal surface area (Newburn & Spinrad 1989), and an albedo 
p = 0.04 for the dust.

Following the analyses of Comets Bowell (1982 I) and 
Bradfield (1979 X), we estimate the gas mass production 
rates, Eq. (3), from the water release rates derived from 
OH production rates of Schleicher et al. (1987). Table 1 
lists observing and dust model parameters adopted for the 
comet and Table 2 lists the continuum flux observations 
(Schleicher et al. 1987), phase functions of the nucleus, 
the nucleus contribution to the continuum, the nucleus 
plus dust coma continuum, and the dust coma continuum 
alone. Table 3 lists the gas production rates, dust release 
rates, and ratios of dust-to-gas mass release rates derived 
from the analysis of the continuum flux measurements at 
4845 A of Schleicher et al. (1987).

(5) Comet Levy (1990 c = 1990 XX): Ground-based 
narrow band filter photometry of Comet Levy (1990 XX) 
in the period from June 3,1990, to April 19, 1991, has been 
performed by Schleicher et al. (1991) who reported con
tinuum flux measurements through different diaphragms 
at wavelengths 3650 and 4845 A.

We have analyzed their continuum fluxes on the basis 
that the active fraction of the surface is 6% for an equiva
lent spherical nucleus with RN = 3 km (Cowan & A’Hearn 
1979; Schleicher et al. 1991). To determine the gas produc
tion rates from Eq. (3), we used the OH production rates 
of Schleicher et al. (1991) derived from a Haser model at 
the dates of observations. Dust release rates were deter
mined from the analysis of the continuum flux measure
ments at λ = 4845 A and are shown in Table 3.

(6) Comet Stephan-Oterma (1980 g = 1980 X): Comet 
Stephan-Oterma (1980 X) is a short period comet with a 
period of 38 years. Its last apparition occurred in 1980/81; 
at perihelion (December 5, 1980) its heliocentric and geo
centric distances were r — 1.574 AU and Δ = 0.596 AU, 
respectively. Narrowband filter photometry of the comet 
was performed at Lowell and Mauna Kea observatories 
by Millis et al. (1982) during the period from Septem
ber, 1980, to April, 1981. They measured the continuum 
fluxes at wavelengths 3300, 3675, 4120, and 5240 A. Fol
lowing Newburn & Spinrad (1989), we analyzed their con
tinuum fluxes assuming 10% active fraction of the surface 
of a spherical nucleus with = 5 km. The H2O release 
rates were derived from OH production rates of Millis et 
al. (1982), considering that OH comes from the photodis
sociation of H2O with a branching ratio of about 85% 
(Huebner et al. 1992). These H2O release rates were used 
in Eq. (3) to derive gas mass release rates at the listed 
dates of observations and to derive dust release rates that 
are listed in Table 3 for the continuum flux analysis at 
λ = 5240 A.
Dust colors: If mc(λ1) and mc(λ2) are observed mag
nitudes of a comet at continuum wavelengths λ1 and λ2, 
then for λ1 < λ2 the observed color index, CI , of the
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comet is
CI  = mc(λ1) — mc(λ2) , (4)

and the color excess CE of comet dust relative to the Sun 
is

CE = C I- [m ʘ(λ1) - m ʘ(λ2)] , (5)
where the term in brackets in Eq. (5) is the solar color
index at the same wavelengths as in the comet. In terms 
of observed continuum fluxes, the color excess of dust can 
be written as

CE=  —2.5 log X , (6)
where

In terms of the quantity A f p (A’Hearn et al. 1984), X in 
Eq. (6) is

In Eq. (7), Fʘ(λ1) and Fʘ(λ2) are the solar fluxes at 
wavelengths λ1 and λ2, and Fc(λ1) and Fc(λ2) are the 
corresponding continuum fluxes from the comet. Thus for 
λ1 < λ2 the color of the dust coma of a comet is red, 
solar type (neutral), or blue relative to the Sun if CE is 
positive, about zero, or negative, respectively.

Equivalent dust particle sizes: If all dust particles in 
the coma had the same size, the equivalent particle radius 
can be obtained from the dust mass loss rate (Table 3) and 
the product of the observed area and geometric albedo of 
particles (Table 2) at a given heliocentric distance, r. This 
single parameter provides a convenient criterion for com
paring different comets. If the expansion velocity of the 
dust in the coma is represented by the empirical relation 
vd = 0.5r~0 6 km/s (Bobrovnikoff 1954; Jewitt et al. 1982) 
then the dust will travel a distance s in km in a time

t = 2s. r0·6, [s]. (9)
The equivalent particle radius, a, responsible for the dust 
mass release rate is obtained from

where pd is the density of the equivalent dust particle and 
N is the number of dust particles contained in the cross 
sectional area, Ad, covered by the diaphragm at the coma 
of the comet. From the observed product of area and ge
ometric albedo Ad . p(λ) (Table 2), we have

where we have assumed that p(λ) = 0.04 for the dust 
(Keller et al. 1986). Solving Eqs. (9) to (11) gives the 
equivalent particle radius. The density, pd, of a particle is 
not known. We assume pd = 1 g/cm3.

3. Results and discussions

(1) Comet Bowell (1980 b = 19821): Comet Bowell 
(1982 I) was discovered by E. L. G. Bowell on February 
11.32292, 1980, through a 0.33 m photographic telescope 
when the comet was near Jupiter and was +16.5 magni
tude bright (IAU circ. 3461). The comet was “new” in the 
Oort sense (l/a)orig = +0.00004 AU-1 and had its peri
helion at q = 3.188509 AU on April 3.8954, 1982. Comet 
Bowell differs from other comets; it was dust-rich and ex
hibited substantial activity at r > 6 AU. Numerous hy
potheses have been put forward to explain the existence 
of a coma at large r (Meech & Jewitt 1987; Huebner et 
al. 1993; Mukai 1986; Yabushita & Wada 1987). None of 
these give clear explanations for the high activity of Comet 
Bowell at such large heliocentric distances.

Comet Bowell (1982 I) was observed through optical 
filters by A’Hearn et al. (1984) during the period Novem
ber, 1980, to June, 1982. They measured the continuum 
fluxes of the coma of the comet through different circu
lar diaphragms at wavelengths 3300, 3675, and 5240 A. 
We have re-analyzed their continuum fluxes measured at 
5240 A on the basis that the nucleus is a sphere with 
= 4 km and its whole sunlit side was active during the pe
riod November, 1980, to June, 1982, when the phase angle 
of the comet varied from 0.2° to 17.2°.

As found by A’Hearn et al. (1984), the color excess 
of the dust in the coma is red relative to the Sun in the 
wavelength range 3675 -  5240 A for the period Novem
ber 14.52, 1980, to June 24.32, 1982. The dust is also red
der than the Sun in the larger wavelength range 3300 — 
5240 A except on March 12.36, 1981, (through a 19.6 arc- 
sec diaphragm) and on April 30.45, 1982, (through a 9.6 
arcsec diaphragm). On these two dates the color excess 
of the dust is blue relative to the Sun. On April 30.45, 
1982, observations through a 9.6 arcsec diaphragm show 
a color excess CE = +0.87mag (red relative to the Sun) 
and —1.15mag (blue relative to the Sun), for wavelength 
ranges 3300 — 3675 A and 3675 — 5240 A, respectively, 
but the color excess is bluer relative to the Sun for the 
combined wavelength range 3300 — 5240 A. A similar ef
fect was noticed in the continuum flux measurements of 
A’Hearn et al. (1984) on March 12.36, 1981, (through a
19.6 arcsec diaphragm) CE = -0.37mas (blue relative to 
the Sun) and CE = +0.34mag (red relative to the Sun) for 
wavelength ranges 3300 -  3675 A and 3675 — 5240 A, re
spectively. The change of color may be related to a change 
in size distribution or composition of dust from one wave
length range to the other wavelength range. The effective 
particle sizes for the dust release rates, consistent with the 
observed product of geometrical area and albedo, indicate 
a = 9.1 and 5.5 μm on March 12.36,1981, and April 30.45, 
1982, respectively.

The high activity of Comet Bowell (1982 I) during the 
pre-perihelion heliocentric distance range 5.254 to 4.630 
AU is also noticed in high dust release rates (Table 3). In
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Fig. 1 we present the variation of dust release rate with 
heliocentric distance for Comet Bowell (1982 I). On April 
6.39, 1981, (r = 4.630 AU) Comet Bowell was losing dust 
at a rate of 3.244 106 g/s. A similarly high gas production 
rate was obtained by A’Hearn et al. (1984) with an OH 
production rate of 1.55 1029 molecules s-1 on April 5 to 6, 
1981. The temporal increase in dust and gas production 
rates on April 5 to 6, 1982, may be caused by a “sporadic 
burst” that occurred in the comet. For the period April 
6, 1981, to January 30, 1982, no continuum flux data are 
available for the comet. Hence, the dust and gas activity 
of the comet for this 9-month period is unknown. Comet 
Bowell (1982 I) showed again its high activity in dust re
lease rates April 28 to 30, 1982, when diaphragms used in 
observations by A’Hearn et al. (1984) covered projected 
distances s > 9500 km from the nucleus at the comet (Ta
bles 3 and 1). Since x > 40%, the comet belongs to the 
family of comets with high dust-to-gas ratios.

Fig. 1. Variation of dust release rate with heliocentric distance 
for Comet Bowell (1982 I). Circles: Pre-perihelion, diamonds: 
Post-perihelion

(2) Comet Bradfield (1979 1 = 1979 X): Comet Brad- 
field (1979 X) was discovered on December 24, 1979, in 
South Australia (IAU Circ. 3437). It has an elliptical or
bit with semi-major axis of order of 43 AU and a period of 
about 280 years. The perihelion of the comet occurred on 
December 21.6 UT, 1979, at q = 0.5453 AU. The comet 
was closest to the Earth (Δ = 0.198 AU) on January 
26, 1980. Post-perihelion narrow band filter photometry 
of the comet was carried out from Perth, Mauna Kea, and 
Flagstaff observatories by A’Hearn et al. (1981). OH, CN, 
C3, and C2 production rates were determined from emis
sion band fluxes measured at optical wavelengths on the 
basis of the Haser model formalism. Production rates of 
each of these molecular species obey a r - 3.2±0·5 power law 
(A’Hearn et al. 1981). A’Hearn et al. (1981) have also mea-

sured continuum fluxes at wavelengths 3300, 3675, 3930, 
4120, and 5240 A through different diaphragms and have 
reported equivalent widths of the Δv = 0 sequence of the 
C2 Swan bands which they claim are a measure of the up
per limit of the gas-to-dust ratios in the coma of the comet. 
The dust release rates for Comet Bradfield (1979 X) were 
not estimated by them.

Post-perihelion dust release rates, estimated as de
scribed above, vary from 3.34 104 g/s (January 18.83, 
1980) to 4.41 105 g/s (December 29.82, 1979) in the coma 
of Comet Bradfield (1979 X). In Fig. 2 we present the vari
ation of dust release rate, qd, with heliocentric distance, r, 
for Comet Bradfield (1979 X). The December 29.82, 1979, 
observations probably indicate a small burst of activity 
on a time scale of one day. It appears that dust release 
rates follow two different power laws, with a change in 
the exponent at r = 0.9 AU in late January, 1980. A 
similar conclusion was drawn for the C2 production rates 
by A’Hearn et al. (1981) and visual magnitude measure
ments of the comet as discussed by Morris (1980). We find 
qd to vary as r _5.3±0·4 and r -1.2±0.2 for 0.57 < r < 0.86 
AU and 0.86 < r < 1.666 AU, respectively. On January 
18.66, 1980, (r = 0.816 AU) and January 20.92, 1980, 
(r = 0.848 AU), the comet showed brightnesses 5.8mag 
and 4.8mag, respectively. The increase in brightness could 
be related to a burst event that occurred on January 19 
- 20, 1980. Our calculations indicate low dust-to-gas ra
tios, x, on February 1.12, 1980, and also for the period 
January 16.80 to 18.83, 1980, which is in agreement with 
C2 equivalent width estimates of A’Hearn et al. (1981). 
On January 20.81, 1980, qd as well as x increased by a 
factor of 2 relative to their corresponding values of Jan
uary 18.83, 1980. A similar effect has also been noticed 
by A’Hearn et al. (1981), which they explain as probably 
due to contamination of 5240 A continuum flux by NH2 
emission of 0,12,0 and 1,8,0 bands. To check this possibil
ity, we calculated dust release rates using the continuum 
flux at 4120 A of A’Hearn et al. (1981) where there are no 
strong NH2 bands. We find no evidence for an increase of 
qd or x on January 20.81, 1980, relative to January 17.82 
to 18.83, 1980. Since x < 10% Comet Bradfield (1979 X) 
belongs to the family of comets with low mass ratios of 
dust-to-gas release rates.

For the observation on February 7, 1980, (r = 1.14 AU, 
Δ = 0.51 AU), Newburn and Spinrad (1989) analyzed con
tinuum fluxes measured in the 4780 — 4830 A bandpass 
and found a dust release rate of 23.56 kg/s and x = 0.069 
for model parameters: papN = 0.3 g2/cm6, p = 0.04, and 
M = 15. For the observation on February 6.25, 1980, we 
find a dust release rate of about 72 kg/s and x = 0.08 by 
analyzing the continuum flux at λ = 5240 A of A’Hearn et 
al. (1981), using parameters papN = 0.5 g2/cm6, p = 0.04, 
and M = 15. In view of the different pdPN and contin
uum bandpass, we consider our qd and x values consistent 
with those of Newburn & Spinrad (1989). Estimates of
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Fig. 2. Variation of dust release rate with heliocentric distance 
post-perihelion for Comet Bradfield (1979 X)

equivalent sizes of dust particles for both the low dust re
lease rate (February 1.12, 1980) and the high dust release 
rate (December 29.82, 1979) indicate a = 4 μm and a 
blue color excess (Eq. 6) of the dust relative to the Sun 
for all observing wavelengths of A’Hearn et al. (1981) for 
the period December 28.83, 1979, to March 10.13, 1980.

(3) Comet Brorsen-Metcalf (1989 o = 1989 X): Al
though the period, perihelion distance, and eccentricity 
of Comet Brorsen-Metcalf is similar to that of P/Halley, 
a study by DiSanti & Fink (1991), comparing the com
positions, shows that they differ in physical and chemical 
characteristics. Pre-perihelion photometric observations of 
Comet Brorsen-Metcalf were performed through circular 
diaphragms of 41.4 and 138 arcsec at the 91-cm Cassegrain 
telescope of the Catania Astrophysical Observatory by 
Baratta et al. (1991) from August 4 to 19, 1989. They 
determined relative dust release rates in arbitrary units 
by the method of A’Hearn & Cowan (1975) using the con
tinuum flux measurements at λ = 4845 A.

They find an increase in dust release rates with de
creasing r in the range 0.72 < r < 0.97 (AU). The dust 
mass release rate obeys a r _2.4±0·2 power law. Our dust 
release rates, determined from their continuum flux mea
surements at λ = 4845 A through 41.4 and 138 arcsec di
aphragms, are shown in Table 3. In Fig. 3 we present the 
variation of dust release rate with heliocentric distance for 
Comet Brorsen-Metcalf (1989 X). The dust release rates 
can be represented by a fit

qd = 1.69 105 . r - 2-0±0.5, [g/s]. (13)

It is evident that the dust release rates increase with de
creasing r in Comet Brorsen-Metcalf (1989 X). The comet 
showed maximum and minimum dust release rates on Au
gust 19 and August 4, 1989, respectively.

Fig. 3. Variation of dust release rate with heliocentric dis
tance for Comet Brorsen-Metcalf (1989 X). Open circles: 41.4" 
diaphragm, Crossed circles: 138" diaphragm

The color of the dust is blue relative to that of the Sun 
during the observing period of Baratta et al. (1991). The 
dust mass release rates in Comet Brorsen-Metcalf are less 
than 10% of the gas mass production rates. Since x < 10% 
(Table 3) Comet Brorsen-Metcalf (1989 X) belongs to the 
family of comets with low dust-to-gas mass ratios. We 
have also estimated dust release rates using continuum 
flux measurements at λ = 3650 Å of Baratta et al. (1991). 
We find that these values of qd are up to a factor of 2 
higher than the corresponding values estimated from the 
continuum flux at A = 4845 A. With the increase of qd is 
a related increase in Ad. p(A), hence the equivalent size of 
dust particles as given by Eq. (12) remains unaltered.

An estimate of dust particle size in the coma of Comet 
Brorsen-Metcalf (1989 X) shows that emissions at λ = 
4845 and 3650 A are due to dust particles with a = 3.5 
μm. We did not find any evidence of outburst activity or 
short term variation at a level larger than 25% in dust 
release rates during the pre-perihelion period August 4 to 
19, 1989. Our continuum flux analysis at 4845 A shows 
that the dust release rates were about 1 105 to 3 105 g/s 
in the coma of Comet Brorsen-Metcalf (see Table 3). In 
addition, continuum emissions at 4845 A and at 3675 
A were due to light scattered by abundant small grains 

w ith a = 3.5 μm in the coma of the comet. Our esti
mated radii of grains and dust release rates in August 1989 
are consistent with the lower limit of particle radius 1 to 
2 μm and dust production rate qd = 3 105 g/s recently 
set by IR studies of Comet Brorsen-Metcalf (1989 X) near 
perihelion by Lynch et al. (1992). A comparison of dust 
release rates of Comet Brorsen-Metcalf (this paper) with 
that of Comet Halley (Singh et al. 1992) shows that dust 
release rates in Comet Brorsen-Metcalf are about two
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orders of magnitude smaller than those of Comet Halley. 
This is consistent with the conclusion drawn by Gehrz & 
Ney (1992) from IR studies of P/Halley (1986 III) and six 
recent bright comets including P/Brorsen-Metcalf.

(4) Comet Giacobini-Zinner (1984 e = 1985 XIII): 
In Fig. 4 we present the variation of dust release rate 
with heliocentric distance for Comet Giacobini-Zinner 
(1985 XIII). For the pre-perihelion period June 15.4 to 
September 9.481,1985, the dust release rate increases with 
decreasing heliocentric distance, reaches a maximum of 
qd = 4.69 105 g/s on August 11.434, 1985, at r = 1.087 
AU and then decreases with decreasing r until September 
09.481, 1985, to qd = 1.58 105 g/s. The dust release rate 
increases by a factor of about 3 early in August, 1985, rel
ative to that on September 9, 1985. A similar increase by a 
factor of 2.3 is also evident in the OH production rate (see 
Table 4 of Schleicher et al. 1987), the CN production rate 
(Schleicher et al. 1987), and the Jo magnitude (see Fig. 7 
of Hanner et al. 1992) at about 30 days before perihelion 
passage of the comet. It appears that the comet suffered 
an outburst in early August, 1985, as it moved inbound 
to perihelion. Our calculations (Table 3) show that the 
comet was losing dust at a rate of about 1.5 105 g/s on 
September 12, 1985, and had a dust-to-gas mass ratio of 
X = 0.2. A recent study of 1 — 20 μm photometry of the 
comet by Hanner et al. (1992) shows corresponding values 
of 1 105 g/s and x = 0.11 for September 12.6, 1985. In 
view of the different methods adopted by Hanner et al. 
(1992), we consider the agreement good.

Fig. 4. Variation of dust release rate with heliocentric 
distance for Comet Giacobini-Zinner (1985 X III). Circles: 
Pre-perihelion, diamonds: Post-perihelion

The continuum emissions at A = 4845 A before perihe
lion were due to dust particles of equivalent radius a = 4.5 
μm and for the post-perihelion period (Schleicher et al. 
1987; McFadden et al. 1987) the continuum was due to

dust particles of effective radius a = 3.5 pm. A similar 
conclusion was drawn by Hanner et al. (1992) who re
ported that the infrared emission was due to micron-sized 
absorbing grains for a dust release rate qd = 105 g/s. The 
dust release rates of the comet during the observing period 
June to November, 1985, of Schleicher et al. (1987) was 
about 30% of the gas mass release rates (see Table 3). 
Since x lies between 10% and 40%, Comet Giacobini- 
Zinner (1985 XIII) belongs to the family of comets with 
intermediate dust-to-gas mass ratios. In general, the color 
of the dust is red relative to that of the Sun. For the 
September 13.457, 1985, observation of Schleicher et al. 
(1987) we find CE of the dust blue by 0.2mag relative to 
the Sun. The color of the dust was redder relative to the 
Sun in JHK photometry (Hanner et al. 1992).

(5) Comet Levy (1990 c = 1990 XX): Comet Levy 
(1990 XX) was discovered on May 20.44, 1990, by D.H. 
Levy with the 0.4-m reflector in Tucson, AZ, and was 
9.6m bright at the time of its discovery. The perihelion 
of the comet occurred on October 24.6954 ET, 1990, at 
q = 0.938581 AU (Marsden 1990). Current determina
tions of (1/a)orig. indicate that the comet is not a dy
namically new comet in the Oort sense (Marsden 1990). 
However; pre- to post-perihelion asymmetry characteris
tics similar to those of other long-period comets (Whipple 
1978; Roettger et al. 1989) and a high pre-perihelion OH 
production rate long before that of other species, suggest 
that the 1990/1991 apparition of Comet Levy (1990 XX) 
may be the first in the inner solar system (Schleicher et 
al. 1991).

Inspection of the dust release rates of Comet Levy 
(1990 XX) during the period June 3, 1990, to April 19, 
1991, shows that the comet was very dusty compared 
to other comets (see Table 3). Comet Levy’s dust release 
rates decrease with increasing r and can be expressed by 
the relationship

qd=qor-n, (14)

where qo = 8.94 106 g/s and n = 2.2 ± 0.3 for post
perihelion. The q0 and n values for pre-perihelion are 
1.01 107 g/s and n = 0.9 ± 0.1, respectively. We find 
an asymmetry in qd about perihelion in Comet Levy. At 
r rs 1 AU, dust release rates are 8.94 106 g/s and 1.01 107 
g/s for post- and pre-perihelion, respectively. The dust 
release rate qd is higher pre-perihelion compared to post
perihelion at a given r (see for example, dust release rates 
in Table 3 for June 3.41, 1990, and March 17.53, 1991; 
August 21.62, 1990 and December 27.76, 1990; and Au
gust 22.57, 1990, and December 26.75, 1990). Clearly, 
Comet Levy (1990 XX) had a more active dust release 
pre-perihelion than post-perihelion. A similar effect has 
also been noted in the determination of OH, NH, CN, C3, 
and C2 production rates by Schleicher et al. (1991). In 
Figs. 5a and 5b we present the variation of the dust release 
rate with heliocentric distance of Comet Levy (1990 XX) 
for pre-perihelion and post-perihelion r, respectively. It is
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evident from Table 3 that a mean value of qd = 7.5 106 
g/s is found for Comet Levy (1990 XX) for the period 
August 18.27 to 30.57, 1990. This is in agreement with 
values 9.3 106 and 8.7 106 g/s derived recently by Lynch 
et al. (1992) for the dust release rates on 12 August and 
14 August, 1990, respectively, from 8-pm to 13-μm spec
trophotometry of Comet Levy (1990 XX). Since x > 40%, 
Comet Levy (1990 XX) belongs to the family of comets 
with high dust-to-gas ratios.

Fig. 5. Variation of dust release rate with heliocentric dis
tance for Comet Levy (1990 XX). a) Pre-perihelion, b) 
post-perihelion

A calculation of the effective size of dust particles re
sponsible for the continua at λ = 3650 and 4845 A gives a 
range a = 6 to 12 μm. The particle radii decrease with de
creasing r inbound to perihelion and then increase with in
creasing r outbound. The particles were bigger in general 
inbound than outbound. For September 26 to 27, 1990, we 
estimate an average particle size a = 5.5 μm, which is con

sistent with the dust particle size 3.3 pm estimated from 
Eq. (3) of Fulle et al. (1992) for their listed parameters. 
In addition, our particle size estimate compares well with 
a = 5.9 to 20 μm assuming a grain density pd = 1 g/cm3 
obtained by Weaver et al. (1992) from imaging the inner 
coma of Comet Levy (1990 XX) with the Hubble Space 
Telescope.

The color of the dust remained blue relative to the 
Sun for a period of about two months before and about 
3 months after perihelion. Comet Levy (1990 XX) showed 
variability in dust color relative to the Sun both before 
and after perihelion.

(6) Comet Stephan-Oterma (1980 g = 1980 X): In
bound to perihelion the dust release rates increase with 
decreasing r. Near perihelion, Comet Stephan-Oterma was 
losing dust at a rate of about 250 kg/s. In Fig. 6a we 
present the variation of dust release rate with heliocentric 
distance for this comet pre- and post-perihelion.

The dust release rate can be fitted by

qd = 7.76 107r - 12.4±1.4.  (15)

In Fig. 6b we present the variation of dust release rate with 
heliocentric distance for Comet Stephan-Oterma (1980 X) 
for the pre-perihelion heliocentric distance range 1.575 < 
r < 1.950 AU only. This dust release rate can be fitted by

qd = 5.08 106r - 6-8±0·7  (16)

A similar power law (r - 5-3±1) was determined by 
Millis et al. (1982). It is interesting to note the activity 
of Comet Stephan-Oterma (1980 X) near perihelion by 
comparing the dust release rates determined on Novem
ber 14.41 and November 8.35, 1980. During this period of 
about one week, the dust release rate increased by 40%. 
Minimum and maximum dust release rates were deter
mined at r = 2.170 AU (April 6.22, 1981) and at r = 1.575 
AU (December 1.29, 1980), respectively. The dust mass 
release rates varied between 20 to 30% of the gas mass 
release rates in Comet Stephan-Oterma (see Table 3) for 
the whole observing period of Millis et al. (1982). Since 
X lies between 10% and 40%, Comet Stephan-Oterma 
(1980 X) belongs to the family of comets with interme
diate dust-to-gas mass ratios. Dust release rates, deter
mined by Newburn & Spinrad (1989) on September 6, 
1980 (r = 1.93 AU), and December 8, 1980 (r = 1.57 
AU), are 47.84 and 226.1 kg/s for parameters pdpN = 0.3 
g2/cm6 and p(λ) = 0.04. The dust release rates deter
mined for September 3.45, 1980, and December 10.35, 
1980, considering pdpN = 0.5 g2/cm6 and p(λ) = 0.04, 
are about 60 and 222 kg/s (Table 3) and compare well 
with those of Newburn & Spinrad (1989).

Calculation of the mean effective dust particle size 
from qd and Ad .p(λ) indicates that the scattering at opti
cal wavelengths in Comet Stephan-Oterma (1980 X) was 
due to dust particles with a = 3.5 m. This agrees with



G.C. Sanzovo et al.: Dust in the comae of six comets 309

Fig. 6. Variation of dust release rate with heliocentric 
distance for Comet Stephan-Oterma (1980 X). a) Circles: 
Pre-perihelion, diamonds: Post-perihelion, b) Pre-perihelion 
only

the conclusion drawn from infrared studies by Veeder & 
Hanner (1981).

The dust in Comet Stephan-Oterma (1980 X) was red 
relative to the Sun in the wavelength range 3300 — 5240 A 
for the whole observing period of Millis et al. (1982). On 
October 4.55 and 6.52, 1980 (r = 1.755 and 1.744 AU), 
the dust was blue relative to the Sun (CE = —0.2mag in 
the wavelength range 4120 -  5240 A). Significant changes 
in dust color can also be noticed on October 12.53, 19.49, 
and 20.60, 1980, in the wavelength range 3675—4120 A. 
The dust was blue relative to the Sun (CE = —0.37mag) 
at these three dates and it remained slightly blue relative 
to the Sun after October 20.60, 1980, in the wavelength 
range 3675—4120 A.

4. Conclusions

It is well known from observations that comets show large 
differences in the compositions of their comae and tails. 
Some comets have large plasma tails others have none, 
some are rich on dust others are dust-poor, etc. These 
differences have been ascribed to differences in the com
position of their nuclei, i.e., they may have had a different 
place of origin or they may have formed at a different 
time. But since large areas of a comet nucleus appear to 
be inactive relative to other, smaller areas, the differences 
could also stem from inhomogeneities in the nucleus. Since 
our analyses indicate different mass ratios of dust-to-gas 
release rates as well as changes in the dust color for the 
same comet at different times, we interpret this behavior 
to be caused by inhomogeneities in each nucleus. For ex
ample, the collapse of regolith around an eroded active 
area may suddenly change the dust-to-gas ratio, the dust 
particle size distribution, and the composition of the dust.

In Table 3 we summarize the mean dust particle sizes 
based on Eq. (12) that account for the observed dust mass 
loss rates if all particles were of the same size. As men
tioned in the discussions of the individual comets, these 
particle sizes are very similar to those reported by other 
observers. The mean particle size varies from comet to 
comet, but typically is between 1 and more than 10 μm. 
On the other hand, interstellar grains are much less than 
1 μm in size. Thus it appears that cometary dust particles 
may be aggregates of interstellar grains. Such aggregates 
may have formed in the solar nebula during the initial 
phases of planetesimal formation. Aggregation may have 
been enhanced also on the surface of comets as a result of 
cosmic and solar radiation by low-temperature sintering. 
In this process, the ice mantle on a grain tends to evapo
rate very slowly from positively curved (convex) surfaces 
and recondense on negatively curved (concave) surfaces 
where particles touch, thus forming an icy neck that holds 
the particles together in a very fluffy structure. Over long 
periods of time, organic materials may participate in the 
sintering process until a regolith layer forms on the nucleus 
making the surface heat-resistant and relatively inactive 
(i.e., the gas flux is small compared to that of an active re
gion). Small dust particles, i.e., unprocessed (unsintered) 
dust may come from active areas during quiescent phases 
of the comet or from relatively inactive regions where the 
gas flux is too low to entrain large particles. Thus, small 
dust particles may be more closely related to the original 
dust as it was incorporated into a comet during its forma
tion. Hence, quiescent phases may reveal more about the 
original composition of a comet nucleus, with an active 
area acting as a “window,” letting us “view” the matter 
in the interior.

Since dust particles are the most likely condensation 
nuclei for the accumulation of ices, it is difficult to un
derstand how a comet can be “dust free” , i.e., have a 
very low ratio of dust-to-gas, It is thus interesting to
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Table 4. Correlations

Comet P*
[y]

X a
[ μ [cm]

Color
Excess

Rn
[km]

% Active 
Area

Comments

Bowell (1982 I) L 0.3-2 2-8 1-14 red 4 50 blue when x  < 0.4
Bradfield (1979 X) 280 < 0.1 3-5 28 blue 1 10
Brorsen-Metcalf (1989 X) S < 0.1 3-4 9 blue 10 2 Halley-type
Giacobmi-Zinner (1985 X III) S 0.2-0.4 3-5 25 red 1.2 10
Levy (1990 XX) L 0.6-1 5.5-10 16 blue 3 6 pre-perihelion
Levy (1990 XX) L 0.6-2 5.5-12 16 red 3 6 post-perihelion
Stephan-Oterma (1980 X) S 0.15-0.3 3 4-6 blue 5 10

* Period: S =  short-period (< 200 y), L =  long-period (> 200 y).

speculate whether “dust free” comets have much more fine 
dust (a << 1 μm) than the extrapolations of the size 
distributions from the detected dust in the visible and 
IR ranges of the usual observations suggest, making such 
comets richer on dust than suspected. If this is the case, 
the dust size distribution may be bimodal. In such a dis
tribution the fine dust may be closely related to the in
terstellar dust, while the larger dust particles are typical 
cometary aggregates. The bimodal distribution may not 
be detectable in a dust-rich comet where it may be oblit
erated by the tail in the particle distribution.

Table 4 summarizes the results from this very small 
sample giving, for each comet, the orbital period, P, the 
mass range of dust-to-gas release rates, x, the mean par
ticle size, a, responsible for the continuum flux, the maxi
mum particle size am, that can be entrained by coma gas 
escaping from the nucleus, and the color excess with re
spect to the Sun. The dust is blue relative to the Sun 
for comets with x < 0.1, but can be blue for comets 
with 0.1 < x < 0.4. The two long-period comets Bowell 
(1982 I) and Levy (1990 XX) are dustier than the other, 
short-period comets and the dust is red relative to the 
Sun except when they are far from the Sun and x is small 
relative to the peak values.
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Table 1. Basic observational data.
Column 1: Data set.
Column 2: Date of observation (UT).
Column 3: Heliocentric distance, r (AU).
Column 4: Geocentric distance, A (AU).
Column 5: Phase angle (o).
Column 6: Projected diaphragm radius, s (km).
Column 7: Dimensionless parameter for particle size distribution (see: de Freitas Pacheco, et al., 1988, MNRAS 235, 
547).
Column 8: Dimensionless phase function (see: de Freitas Pacheco, et al., 1988, MNRAS 235, 547).

Table 2. Area - geometric albedo product.
Column 1: Data set.
Column 2: Measured continuum flux (erg cm-2 s-1 Â-1).
Column 3: Dimensionless phase function of the nucleus, ϕn (θ).
Column 4: Nucleus contribution to area - albedo product (cm2).
Column 5: Total area - albedo product (cm2) from dust coma and nucleus.
Column 6: Area - albedo product (cm2) for dust coma alone.

Table 3. Dust mass release rates.
Column 1: Data set.
Column 2: Gas release rate (g/s).
Column 3: Maximum size of dust particles, am (cm).
Column 4: Equivalent dust particle size, a (μm), to give the same dust release rate as the actual particle size distri
bution.
Column 5: Dust release rate (g/s).
Column 6: Dust-to-gas mass ratio (dimensionless).




