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1 INTRODUCTION

ABSTRACT

An unexpected intense outburst of the Draconid meteor shower was detected by the Canadian
Meteor Orbit Radar on 2012 October 8. The peak flux occurred at ~16:40 ut on October 8
with a maximum of 2.4 4+ 0.3h~! km~2 (appropriate to meteoroid mass larger than 107 kg),
equivalent to a ZHR ,,x & 9000 £ 1000 using 5-min intervals, using a mass distribution index
of s = 1.88 £ 0.01 as determined from the amplitude distribution of underdense Draconid
echoes. This makes the outburst among the strongest Draconid returns since 1946 and the
highest flux shower since the 1966 Leonid meteor storm, assuming that a constant power-law
distribution holds from radar to visual meteoroid sizes. The weighted mean geocentric radiant
in the time interval of 15-19 h urt, 2012 October 8, was a, = 26274 £ 071, 6, = 5577 & 071
(epoch J2000.0). Visual observers also reported increased activity around the peak time, but
with a much lower rate (ZHR ~ 200), suggesting that the magnitude—cumulative number
relationship is not a simple power law. Ablation modelling of the observed meteors as a
population does not yield a unique solution for the grain size and distribution of Draconid
meteoroids, but is consistent with a typical Draconid meteoroid of my, between 10 and
10~* kg being composed of 10-100 grains. Dynamical simulations indicate that the outburst
was caused by dust particles released during the 1966 perihelion passage of the parent comet,
21P/Giacobini-Zinner, although there are discrepancies between the modelled and observed
timing of the encounter, presumably caused by approaches of the comet to Jupiter during
1966—-1972. Based on the results of our dynamical simulation, we predict possible increased
activity of the Draconid meteor shower in 2018, 2019, 2021 and 2025.

Key words: comets: individual:21P/Giacobini-Zinner — meteorites, meteors, meteoroids.

and analyses made by various observing teams indicate that the pre-
dictions were quite accurate in both timing and meteor rates (such

The October Draconid meteor shower (DRA or IAU/MDC 009;
usually referred to as ‘Draconids’; some older literature may also
refer to it as the ‘Giacobinids’) is an annual meteor shower produced
by comet 21P/Giacobini-Zinner and is active in early October. It
was first observed in the 1920’s (Davidson 1915; Denning 1926)
and produced two spectacular meteor storms in 1933 and 1946 (cf.
Jenniskens 1995). Aside from the two storms and a few outbursts, it
has been quiet in most years, with hourly rates no more than a few
meteors per hour.

A review of the historic observations and studies of the Draconids
may be found in our earlier work (Ye et al. 2013); in this introduc-
tory section, we mainly address the strong returns in 2011-2012.
The outburst of the 2011 Draconids was predicted by a number of
researchers (Maslov 2011; Vaubaillon et al. 2011, to name a few),
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as Kero et al. 2012; Koten et al. 2012; Sato, Watanabe & Ohkawa
2012; Vaubaillon et al. 2012, and many others).

In contrast, no significant Draconid outburst was predicted for
2012. Maslov (2011) suggested encounters with the material ejected
by comet Giacobini-Zinner in 1959 and 1966 (in the form of the
1959 and 1966 trails), at 15—17 h ut on 2012 October 8, but he
noted that ‘visually-detectable activity is unlikely’, predicting the
maximum Zenith Hourly Rate (ZHR) to be 0.5 and 0.2, respectively,
for each encounter. The prediction by Maslov is summarized in
Table 1.

In fact, an intense outburst of the Draconid meteor shower
was subsequently detected by the Canadian Meteor Orbit Radar
(CMOR) on 2012 October 8 (Brown & Ye 2012). As seen by
CMOR, the meteor rate started increasing at ~15h ur, quickly
reached a maximum around 16:40 ut and returned to the back-
ground rate around 19 h ut. Preliminary analysis indicated that the
peak ZHR was well above the storm threshold (1000 meteors per
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Table 1. The Draconid 2012 outburst prediction by Maslov
(2011).

Trail Time ag, 8y Vg ZHR
(October 8,uT) (32000) (kms™!)

1959 16:22, 16:54 26277, +55°8 21.0 0.5

1966 15:37 - - 0.2

hour). Unfortunately, this was mostly a radar event; in addition to
the poor timing of the peak (which only favoured Siberia and Cen-
tral Asia in terms of darkness), visual and video observers were
largely caught unprepared. The quick look analysis carried out by
the International Meteor Organization (IMO) revealed a peak of
ZHR = 324 £+ 66 centred at 16:51 uT, based on observations from
only four observers.! The camera set up by the Petnica Meteor
Group in Serbia also detected some activity at 17-18 h ur.?

Due to the lack of observations by other techniques, the radar ob-
servations are essential for the study of this outburst. We will mostly
follow the methodology used in our earlier study of the 2011 event
(Ye et al. 2013) to analyse the 2012 event as recorded by CMOR.
The goals of this paper are to estimate the basic observational char-
acteristics of the outburst, such as mean radiant, mass distribution
and flux variation, and to apply the Campbell-Brown & Koschny
(2004) meteoroid ablation model to try to constrain the physical
characteristics of the meteoroids. We will also investigate the cause
of this outburst through numerical modelling of the stream.

2 INSTRUMENTATION AND DATA
REDUCTION

The instrumental and data reduction details of this work are similar
to that given in Ye et al. (2013) as applied to CMOR observations
of the 2011 Draconids. Technical details of the entire system may
also be found in Hocking, Fuller & Vandepeer (2001), Jones et al.
(2005), Brown et al. (2008) and Weryk & Brown (2012). Here, we
only summarize a few key concepts.

CMOR is a six-site interferometric radar array located near Lon-
don, Ontario and Canada. It operates at 17.45,29.85 and 38.15 MHz,
but only the 29.85 MHz data are used in this study. The 29.85 MHz
component transmits with 12 kW peak power with a pulse repeti-
tion frequency of 532 Hz. The radar ‘sees’ a meteor by detecting
the reflection of the outgoing beam from an ionized meteor trail;
therefore, radar meteors are detected 90° away from their radiants
(such a reflection condition is called specular). As such, when the
radiant is close to the zenith, it becomes difficult for the radar to
detect echoes from a particular stream as the echoes are at low
elevation and large ranges when the radiant is close to the zenith.
Detected echoes are processed in an automatic manner to eliminate
questionable detections, correlate the same events observed at dif-
ferent sites and calculate meteor trajectories. Usually, raw streamed
data are not permanently kept, but we intentionally saved the raw
data from the 2012 Draconid outburst for further analysis.

Meteor echoes seen by radar may be classified as either under-
dense or overdense echoes, based on their apparent amplitude-time
characteristics. The deciding factors are many (see Ye et al. 2013
for a more theoretical introduction), but for a given shower, over-
dense echoes are typically associated with larger meteoroids than

Uhttp://www.imo.net/live/draconids2012/
2 http://www. meteori.rs/wordpress/i-ove-godine-pojacana-aktivnost-
drakonida/
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Figure 1. Examples of meteor echoes as seen by CMOR. Top: underdense
trail; middle: overdense trail; bottom: overdense, wind-twisted trail.

underdense echoes. The underdense echoes are always character-
ized by a rapid rise and an exponential decay in amplitude (Fig. 1a),
making them relatively easy to identify automatically. Ideally, the
overdense echoes are characterized by a rapid rise, a plateau and a
steady decay in amplitude (Fig. 1b), but in reality trails distorted by
upper atmospheric winds and exhibiting multiple reflection points
are often seen (Fig. 1c), making them difficult to characterize with
automatic algorithms.

Noting the advantages and weakness of the automatic routines,
we take two approaches for the initial data reduction.

(i) For the first approach, we try to separate Draconid echoes
from other echoes in the automatically processed data. This is done
in several steps. First, we select all meteor radiants measured with
time-of-flight (tof) velocities within 10° of the apparent common
radiant (i.e. an acceptance radius of 10° around the apparent centre
of the cluster of meteor radiants) and 20 per cent of the annual geo-
centric velocity, v, = 20.4km s~! (Jenniskens 2006). The velocity
restriction is intentionally broad, reflecting the spread due to mea-
surement error and the high decelerations of Draconid meteoroids,
a consequence of their fragility (e.g. Jacchia, Kopal & Millman
1950; Campbell-Brown et al. 2006). All these echoes are manu-
ally inspected to remove data with problematic time picks (i.e. an
improperly automatically chosen time of occurrence of the spec-
ular point) determined by the automatic algorithms and to ensure
the trajectory solution is correct. We do not revise the time picks,
as we need to keep the procedure repeatable by automatic algo-
rithms in order to estimate the uncertainty. The uncertainties are
estimated with a Monto Carlo synthetic echo simulator developed
by Weryk & Brown (2012), allowing the derivation of a weighted
mean common radiant. We then explore the ideal radiant size for
this outburst event by varying the acceptance radiant interval to
search for the acceptance radius at which the number of radiants
reaches an asymptote approaching the background level, which in
this case is ~5° (Fig. 2); therefore, we reduce the acceptance radius
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Figure 2. Radiant densities centred at & — A = 53°, B = +79° in sun-
centred ecliptic coordinates, as a function of radiant size on the outburst date,
2012 October 8. Shown for comparison is the average of the same ecliptic
sun-centred radiant location on 2012 October 7 and 9 when no significant
Draconid activity was present. It can be seen that the radiant size on October
8 and the background rate meets at ~5°.

Table 2. Characteristics of the 2012 Draconid radiant as observed by
CMOR. The mean radiants are calculated using error weightings accord-
ing to the Monte Carlo error simulations by the synthetic echo simulator
(see Section 2.1 of this paper, as well as Weryk & Brown 2012; Ye et al.
2013).

Time period g, Og Nradiants
(J2000)

October 8 (all day) 262232 + 0210, 455267 £ 0205 576
October 8 (15-19 hur) 262735 £ 0710, 455267 &+ 0205 545

from 10° to 5°. We identify 576 Draconid echoes in this manner
and refer to this data set as the complete data set (Table 2).

(i1) For the second approach, we try to separate all overdense
Draconid echoes. As noted before, overdense echoes are some-
times difficult to identify automatically; therefore, we separate these
echoes by manually inspecting the raw data from the main site be-
tween 15-19 h ut on 2012 October 8. Trajectories of these meteor
echoes are manually determined when remote site observations are
available to determine whether they are Draconids. In all, some 240
overdense Draconids are identified this way and will be referred as
the overdense data set.

Since the velocities in the complete data set are determined using
the tof method, which depends on trail geometry and is uncer-
tain in part due to height averaging, we also measure the speed
of the meteoroids using the Fresnel phase-time method and Fresnel
amplitude-time method (simplified as ‘pre-ty’ and ‘Fresnel’ method
hereafter; see Ceplecha et al. 1998, sections 4.6.1 and 4.6.2 for an
overview). The advantage of these two methods is that they only
depend on the observation from the main site, which does not intro-
duce the geometry or height averaging effects of the tof technique.
In total, we gathered 360 echoes with pre-t; speeds and 25 echoes
with Fresnel speeds, where 13 echoes have both pre-t, and Fresnel
speeds. Numerically, the two speeds are equivalent, as the decelera-
tion of the meteoroid is minimal during its passage over the Fresnel
zones (amounting to ~1-2 km of trail length; Fig. 3); we therefore
assume that the pre-ty or Fresnel speed is the meteoroid’s speed at
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Figure 3. The Fresnel velocities versus pre-tp velocities for the 13 high-
altitude echoes having both techniques for velocities measurable.
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Figure 4. The raw number of Draconid echoes detected by CMOR in
the complete and the overdense data set, binned in 10-min intervals. The
background level is normally <1 Draconid per 10-min bin.

its specular height. For the 13 echoes where both pre-t; and Fresnel
velocities are measured, preference is given to the one with smaller
uncertainty.

The raw number of echoes as a function of time on 2012 October
8 in each data set is given in Fig. 4.

3 OBSERVATIONAL RESULTS

3.1 Radiant and orbit

The weighted mean radiant of all meteors in the complete data set is
a, = 26223 £0°1, §; = 45527 £ 071 (J2000 epoch) (Fig. 5). The
weighted mean radiant of meteors detected within 15-19 h ur is
a, = 26224 £ 071, 8, = +55°7 £ 021 (J2000 epoch).

The derivation of true orbit requires additional effort in data
reduction, as the fragility of Draconid meteoroids introduces
an underestimation of the deceleration correction as noted by
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Figure 5. Distribution of individual Draconid radiant of the complete data
set.

Campbell-Brown et al. (2006) and Ye et al. (2013), which leads
to a reduction in estimating the true out of atmosphere speed of the
meteoroids. To solve this problem, we make use of the echoes de-
tected at higher heights, as they do not penetrate very deep into the
atmosphere and therefore suffer less deceleration. We also need to
select the echoes with pre-t; or Fresnel velocity measured to min-
imize the error caused by deceleration undercorrection. We only
consider the echoes detected within 15-19 h ur (i.e. close to the
peak time) to minimize the possible contamination of background
Draconid meteors not associated with the outburst. We then choose
98 km as the cut-off height, as it is the highest possible cut-off
with a statistically significant sample (only two echoes are detected
at >99 km). Taking all these constraints into account, a total of
14 echoes are selected from the complete data set. We note that a
significant fraction (5/14) of these have local zenith angle n above
50°, which suggests that the undercorrection effect is again signif-
icant due to the longer atmospheric path of the meteoroid entering
the atmosphere at such a shallow angle. Hence, we remove these
five echoes and create an additional subset, and present both results
together (Table 3).

We note that the mean orbit derived from the nine-meteor sample
is consistent with the orbit of 21P/Giacobini-Zinner at its 1959 and
1966 apparitions. Additionally, the v, derived from the nine-meteor
sample agrees with that derived from the multistation video obser-
vations of the 2011 Draconid outburst (v, = 20.9 £ 1.0km s as
noted by Jenniskens, Barentsen & Yrjola 2011) within uncertainty.
This agreement is reassuring as the video observations have more
complete coverage of the trail length of each meteoroid compared
to radar, allowing the deceleration correction for individual me-
teoroids to be established with higher confidence along with the
pre-atmosphere velocity (v,) and orbit. We believe that the orbit
derived from the nine-meteor sample represents the best mean orbit
for the 2012 Draconid outburst as observed by CMOR.

3.2 Mass index

The mass index can be determined using either underdense echoes or
overdense echoes. For underdense echoes, the cumulative number of
echoes with amplitude greater than A follows the relation N oc A5+
(MclIntosh 1968), while for diffusion-limited overdense echoes,
N o 7=3/4=D (McIntosh 1968), where 7 is the echo duration.

The unexpected 2012 Draconid meteor storm 3815

We first use the underdense echoes detected between 15-19 h
uT in the complete data set to determine s. Echoes within a range
interval between 110-130 km from the main site are selected to
avoid contamination from overdense transition echoes (see Blaauw
et al. 2011 for discussion). We determine the mass index to be
1.88 & 0.01 by fitting the linear portion of the data in Fig. 6. The
uncertainty given here is the fitting uncertainty only and could be
several times smaller than the real one due to the small sample size.

We then use the overdense data set as a check on the mass index
value determined using the amplitude distribution alone (Fig. 7).
The trail of electrons can fall to an undetectable density either
through diffusion or chemical recombination. The latter is more
likely for very dense trails produced by larger meteoroids at low
altitudes. The possible turnover between diffusion- and chemistry-
limited regime, or the ‘characteristic time’, can be seen at about
2.5 s in Fig. 7, which agrees with the value derived for 2011 (2.7 s;
Ye et al. 2013). Using the few data points in the possible diffusion-
limited regime, the mass index can be estimated to be around 1.7—
1.8. However, we should note that this result is doubtful due to the
presence of a sudden steep rise in cumulative number at T < ~2 s.
The possibility of underdense contamination can be ruled out by
examining the theoretical underdense region in the height—duration
distribution (Fig. 8). A possible explanation of this behaviour is the
lack of long overdense echoes due to the radiant geometry at the
time of the outburst as well as abundance of smaller meteoroids of
this event, preventing us from getting enough statistics for longer
duration echoes. Alternatively, the lack of a power-law fit at the
high-mass end of the meteoroid distribution (i.e. overdense echoes)
may indicate that the size distribution within the stream does not
follow a power law, in contrast to the behaviour seen in 2011, where
a clear fit existed to the smallest overdense echoes durations. In this
case, the upper upturn below 7 < ~2 indicates an overabundance
of smaller Draconids in the outburst.

3.3 Flux

The flux can be calculated from the number of echoes detected
per unit time divided by the effective collecting area of the radar
for the Draconid radiant. The effective collecting area of CMOR
is calculated following the scheme described in Brown & Jones
(1995). Simply put, the collecting area for a given radiant is the
integration of the magnitude of the gain over the ‘reflecting strip’
of the radar wave (a 90 great circle perpendicular to the radiant
direction), which takes into account both the radiant geometry and
mass index. The ZHR (i.e. the number of meteors that an average
observer would see in 1 h, given that the sky is clear and dark,
and the radiant is at the zenith) can then be calculated by using
its relationship to the actual meteoroid flux (Koschack & Rendtel
1990) as computed by the radar and mass index, using the fact that
the limiting meteor radio magnitude of CMOR is ~8.5.

As shown in Fig. 9, the main peak based on 5-min averaged
CMOR data occurred at 16:38 ut (solar longitude, Ao = 1952622),
October 8, with maximum flux of 2.44+0.3h"'km™2 (ap-
propriate to meteoroid mass larger than 1077 kg), equalling
ZHR,.x = 9000 £ 1000. The IMO data show several ‘peak-lets’
from 16:25-16:55 ur, with ZHR,,,x around 500-600. The exis-
tence of these ‘peak-lets’ is likely a statistical oddity due to the
limited number of observers (only one observer for each of these
‘peak-lets’). For example, the time range around 16:40 ut (which
contained three observers reporting 10 Draconids total observed)
corresponds to a ZHR of 185 + 55.
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Table 3. High-quality Draconid radiants and speeds (top) and orbits (bottom) from the 2012 outburst as detected by CMOR, selected on the basis of their
high ablation heights where atmospheric deceleration is minimal. Here, we show the relative accuracy of individual speed measurements by comparing the
time-of-flight speed as determined from time differences between specular points at three or more station with independent speeds determined by the pre-t0
phase fitting method (Cervera, Elford & Steel 1997) and Fresnel amplitude post-t0 oscillations (Ceplecha et al. 1998). The echoes with leading t indicate
radiant zenith angles n < 50°, where deceleration should be negligible.

Time ay g Vfresnel Vpre—t, Viof Specular height
October 8 (UTC) (J2000) (J2000) (kms~") (kms™") (kms™h) (km)
CMOR observations  15:21:39.682 261942 + (0258 55223 £+ (0258 - 23.13+ 1.84 21.88 £ 0.14 98.0
15:25:19.024 261275 + 0228 54289 + 0228 - 22.73 + 1.08 22.88 +0.35 98.9
15:25:59.484 261231 £ 0240 55261 £+ 0240 - 21.43 +£0.49 22.05+0.12 98.1
15:49:34.396 261990 &+ 1225 55276 £+ 1°25 - 22.10 £ 0.77 22.07 £ 0.26 98.3
15:52:10.086 260271 £ 0254 55251 £ 0254 2292 +£0.24 - 2230+ 0.11 99.0
t 16:09:52.576 261251 = 0278 55250 + 0278 - 21.88 +0.98 22.13 £ 0.20 99.0
t 16:16:46.118 262268 £ 0287 55293 + 0287 - 26.29 + 1.90 23.65 + 1.04 99.0
t 16:17:50.582 264°73 £ 1215 55299 £+ 1°15 - 26.41 + 1.66 21.33 £ 1.38 98.3
1 16:25:56.203  263°95 £ 0264 56239 + 0264 - 23.88 + 0.86 22.25 +0.58 98.9
T 16:28:04.019 262998 + (0247 55293 £+ (0247 - 23.65 +0.17 22.34 +£0.27 98.7
T 16:28:25.902 258288 £ 0746 54250 £ 0246 - 23.31 +2.69 23.04 +£0.10 98.9
T 17:00:35.201  262:79 4+ (0244 54267 + (244 - 22.37 +£0.55 23.00 £ 0.50 98.6
t 17:10:41.590 262949 4 1247 54244 £+ 1°47 - 24.12 +0.37 23.33 £ 0.60 98.1
0 17:20:22.399  263°19 £ 1941 52265 + 1941 - 24.15 +0.37 22.97 + 0.60 98.3
21P/Giacobini-Zinner (1959) - - - - - -
21P/Giacobini-Zinner (1966) - - - - - -
Weighted mean - 261291 £ 0239 55925 + 0225 - - -
Weighted mean, n < 50° - 262231 £ 0256 55922 + (0237 - - -
Time a e i Q 3} q Vg
October 8 (UT) (au) (au) (kms™1)
CMOR observations  15:21:39.682  2.922 4+ 0.887 0.660 + 0.104 302851 £ 22568 1952569 £+ 02001 1712323 £ 02950 0.994 + 0.001 20.076 £+ 2.103
15:25:19.024  2.870 4 0.500 0.653 £ 0.061 302071 & 12521 1952571 £+ 02001 1719970 £ 02506 0.995 £+ 0.001 19.615 + 1.241
15:25:59.484  2.266 £+ 0.137 0.561 + 0.027 282503 £+ 02757 1952572 £ 02001 1722100 £ 02598 0.996 + 0.001 18.111 £+ 0.575
15:49:34.396  2.465 + 0.302 0.596 £ 0.050 292521 + 12194 1952588 + 02001 1722286 4+ 12742 0.996 + 0.002 18.894 + 0.893
15:52:10.086  2.783 £ 0.141 0.643 + 0.018 302630 £ 02382 1952590 £ 02001 1712136 £ 02733 0.994 + 0.001 19.838 £ 0.275
t 16:09:52.576  2.414 £+ 0.326 0.588 + 0.056 292137 £ 1°454 1952602 £+ 02001 1722032 £ 19140 0.995 + 0.001 18.639 £ 1.141
T 16:16:46.118  7.109 £+ 6.378 0.860 &+ 0.126 342850 £ 22261 1952607 £ 02001 1722274 £ 12101 0.995 + 0.001 23.627 £ 2.099
t 16:17:50.582  7.295 +£5.974 0.864 + 0.112 352089 £ 1°994 1952608 £+ 02001 1722835 £ 12340 0.995 + 0.001 23.761 £ 1.832
t 16:25:56.203  3.298 £ 0.578 0.698 + 0.053 322059 + 12158 1952613 £ 02001 1732324 + 02848 0.996 + 0.001 20.938 + 0.973
T 16:28:04.019 3.211 £0.153 0.690 + 0.015 312637 £+ 02279 1952614 £ 02001 1722662 £ 02613 0.996 + 0.001 20.676 £+ 0.193
1t 16:28:25.902  3.108 £ 1.536 0.681 £ 0.158 302858 4 32598 1952614 £ 02001 1692638 £ 02916 0.992 + 0.002 20.285 + 3.067
t 17:00:35.201  2.783 £ 0.261 0.642 + 0.034 292482 + 02771 1952637 £ 02001 1722785 £ 02598 0.996 + 0.001 19.213 £ 0.635
t 17:10:41.590 4.062 £+ 0.700 0.755 + 0.042 312684 + 02710 1952644 £+ 02001 1722123 £ 19861 0.995 +0.002 21.212 + 0.418
T 17:20:22.399 4971 £ 1.026 0.800 & 0.041 312048 £+ 02687 1952650 £ 02001 1722036 £ 12703 0.995 + 0.002 21.240 £+ 0.418
21P/Giacobini-Zinner (1959) - 3.453 154 0.728 953 3028976 19627326 17228373 02935 967 -
21P/Giacobini-Zinner (1966) - 3.449 669 0.729 394 3029382 19626674 17229153 02933 501 -
Weighted mean - 2.876 + 0.440 0.672 £ 0.025 302909 + 02517 1952602 4+ 02001 1722047 £+ 02240 0.9951 £ 0.0003 20.28 + 0.45

Weighted mean, n < 50 -

3.223 £0.610 0.710 4 0.032 312446 & 07689 1957620 £ 02001 1722256 £ 02351 0.9952 £ 0.0003 20.80 % 0.56

We note that these ZHRs assumed a single power-law fit from
fainter radar meteors to equivalent radio magnitude of 6.5 where
the ZHR is defined. As noted earlier, an apparent deviation is notable
between larger visual meteoroids and smaller radar meteoroids from
a pure power law, hence the effective ZHR quoted from CMOR
observations are likely upper limits.

3.4 Ablation modelling

To model the structure of the Draconid meteoroids, we used the me-
teoroid ablation model developed by Campbell-Brown & Koschny
(2004). The velocities and electron line densities as measured by
CMOR are used as constraints to fit the model. The velocities used
here are appropriate to the echo specular height (i.e. pre-ty or Fres-
nel velocities); the electron line densities are computed from the
observed amplitude value, using the formula appropriate to either
underdense echoes (when ¢ < 2.4 x 10'*m™") or overdense echoes
(when ¢ > 2.4 x 10" m™"). The methodology is essentially the

same as for the 2011 outburst (Ye et al. 2013), except that we do
not model individual events for deceleration as no such events are
found for the 2012 outburst. We use the parameters suggested by
two previous studies of the Draconids, Borovicka, Spurny & Koten
(2007) and Ye et al. (2013), while other parameters are left fixed as
suggested in Campbell-Brown & Koschny (2004). The parameters
are summarized in Table 4.

We first tried to find the optimal combination of grain mass
and grain number by fixing the total mass at 10~> kg and vary-
ing these two variables. We choose 107 kg here, as this value is
a reasonable compromise between the detection limit (~10~" kg)
and the underdense/overdense transition level (~10~* kg appropri-
ate to meteors with ¢ ~ 10" m~! or peak visual brightness of
+4 mag). We used the transition level as our upper limit as most of
the echoes in the complete data set are underdense echoes. Finally,
we look for a modelling fit that minimizes the deviation between
the model and trend of the data points with respect to the height.
However, from Fig. 10, we cannot identify a unique fit; the range
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overdense Draconid echoes. The possible characteristic time can be seen
nearf, = 2.5s.

of optimal fit seems to lie somewhere between ng,i, = 10 and
10 000.

We then plot the modelling fit for my = 107°~10"*kg and for
Ngrain = 10-10 000, to further examine the goodness of each pa-
rameter set (Fig. 11). Again, we do not see an obviously unique
solution, but it seems that the 7., = 10 and 100 scenarios produce
a better qualitative fit to both velocities and electron line densities.
This generally agrees with our previous finding for the 2011 out-
burst which find the optimal ngi, = 100; it also agrees with the
photographic result for the 2005 outburst to some extent (Borovicka
et al. 2007), but we note that the fits are not well constrained from
our observations; therefore, they can only be used to broadly estab-
lish the fact that the 2012 Draconid meteoroids were not radically
different in physical makeup from those detected during the 2011
outburst.
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Figure 8. The height range of the selected overdense echoes in the over-
dense data set. The shaded area marks the underdense region defined by
McKinley (1961). If this population were mainly underdense, a clear dura-
tion versus height trend would be presented in the graph.

4 DYNAMIC MODELLING

To better understand the 2012 Draconids outburst, numerical simu-
lations were performed of the parent, comet 21P/Giacobini-Zinner.
The simulations included a Solar system of eight planets whose
initial conditions were derived from the JPL DE405 ephemeris
(Standish 1998), with the Earth—-Moon represented by a single par-
ticle at the Earth—-Moon barycentre. The system of planets, parent
and meteoroids was integrated with the RADAU method (Everhart
1985) with a time step of 7 d used in all cases.

The comet orbital elements used in these simulations are de-
rived from Marsden & Williams (2008) where orbital elements are
provided for each appearance of 21P/Giacobini-Zinner from its dis-
covery in 1900 through 2005. This extensive data set is important
as the parent, being a Jupiter-family comet, is extensively perturbed
and has time-varying non-gravitational parameters.

An initial survey of the meteoroid complex used the catalogue
orbit for 21P/Giacobini-Zinner’s 2005 perihelion passage as a
starting point. Simulations of meteoroids released during each of
21P/Giacobini-Zinner’s perihelion passages back to 1862 were ex-
amined for clues as to the origin of the material that produced the
2012 outburst. These simulations revealed that the 1966 apparition
was the source of the 2012 event, and as a result the orbital elements
given for the 1966 perihelion passage were used in subsequent sim-
ulations. These orbital elements are listed in Table 5.

No non-gravitational forces due to outgassing (e.g. Marsden,
Sekanina & Yeomans 1973) were applied to the comet in our fi-
nal simulation results. Some test simulations that did include non-
gravitational forces, using the values for 21P/Giacobini-Zinner from
Yeomans (1986) as listed in Marsden & Williams (2008), were run,
but these did not produce any noticeable differences in the results.

The simulations were run with the two-stage refinement proce-
dure described in Wiegert et al. (2013). Briefly, in the first stage,
the comet orbit is integrated backwards to the desired starting point,
in this case back approximately 150 yr to 1862. The comet is then
integrated forward again, releasing meteoroids at each perihelion
passage as it does so. All meteoroids which pass sufficiently close
to the Earth’s orbit during the simulation are collected: this is our list
of ‘bull’s-eyes’. Bull’s-eyes are those that have a minimum orbital
intersection distance (MOID) of no more than 0.02 au and that are
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Figure 9. The ZHR/flux profile of the 2012 Draconid outburst as observed by CMOR (binned in 5-min intervals; error bars represent Poisson errors only),
comparing to the visual profile reported by the visual observers to the IMO. The radar flux is appropriate for meteoroids with m > 107 kg; the visual flux is

appropriate for meteors with V < 2—3 mag.

Table 4. Input parameter for the ablation model as used in Ye et al. (2013).

Parameter Value Unit
Deceleration corrected apparent velocity, veg 23.27 kms~!
Zenith angle, n 55° deg.
Bulk density, ppulk 300 kg m3

Grain density, Pgrain 3000 kgm™3
Heat of ablation, gheat 3 x 10° Jkg™!
Thermal conductivity, K 0.2 Jm s TK!

at their MOID with the Earth no more than £7 d from when our
planet is there.

In the second stage, the integration of the comet forward in time
is repeated. However, in this case, instead of releasing particles
randomly as determined by a cometary ejection model, particles
are released only near initial conditions in which a bull’s-eye was
produced in the same time step in the first simulation. These second
generation particles are released at the same position (that of the
nucleus, taken to be a point particle) but are given a random change
in each velocity component of up to =10 percent of that of the
original bull’s-eye. These second generation meteoroids inevitably
contain far more particles that reach our planet. Of this sample,
those which pass closest to the Earth in space and time will be
considered to constitute the simulation outburst.

In our initial simulations, at each perihelion passage a number
M = 10*-10° particles is released in each of the four size ranges
with radii » from 107> to 107* m, 10~* to 10> m, 1073 to 1072
m and 1072 to 10~! m, the whole range spanning from 10 um to
10 cm in diameter. They are chosen so that the distribution of
particle radii is flat when binned logarithmically by size. A power-
law size distribution with mass index s can be recovered after the
simulation is complete by giving each particle a weight proportional

n =1
grain

ngrain=1 0

ngrain=1 OO
€ ngram=1 000
< n,.;=10 000
S n__ =100 000
o grain
T

Height (km)

75 4

1012 1013 1014 1015
Electron line density (m™)

Figure 10. Sensitivity test for different number of grains, ngr.in, at a fixed
total mass m = 1075 kg.
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Figure 11. Sensitivity test for different number of grains, ngpin, but for varying mgpin (ranges from 107190 1073 kg). The corresponding mioa) range is from

107 to 10~* kg.

to 3 3 (Wiegert, Vaubaillon & Campbell-Brown 2009) if desired.
However, we do not apply such a weight to the results reported here
because the outburst is found to consist of such a narrow range of
particles (radii almost exclusively from 100 pm to 1 mm) that the
application of such a weighting is likely inappropriate.

Post-Newtonian general relativistic corrections and radiative (i.e.
Poynting—Robertson) effects are also included. The ratio of solar
radiation pressure to gravitational force S is related to the particle
radius r (in um) through g = 1.9/r following Weidenschilling &
Jackson (1993), though our expression assumes a particle mass
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Table S. A list of the orbital elements used for comet 21P/Giacobini-Zinner for dynamic modelling of the Draconid meteoroid stream formation.
From Marsden & Williams (2008). CMOR observations are extracted from the nine-meteor solution in Table 3.

Name Perihelion q (au) e a (au) 10} Q i

21P 2005 July 2.7605 1.0379 14 0.705 691 3.526 613 17225429 19524301 3198109
21P 1966 March 28.2844 0.933 501 0.729 394 3.449 669 17229153 19626674 3079382
Sim. 0.9968 4+ 0.0003  0.725 £ 0.003  3.62 + 0.04 17227540209 195265+0°04 3197940202
Obs. 0.9952 +£0.0003  0.710 £0.032 322 +£0.61 172926 = 0°35 1959620 £ 02001 31945 £ 0269

density p = 300kgm~ for Draconid meteoroids as was reported
by Borovicka et al. (2007).

The comet is considered active (that is, simulated meteoroids are
released) when at a heliocentric distance of 3 au or less; during the
first simulation stage, the simulated parent releases particles at a uni-
form rate in this part of its orbit. While active, particles are released
with velocities from the prescription of either Crifo & Rodionov
(1997) or the revised Whipple model of Jones (1995). We use a
nucleus radius for 21P/Giacobini-Zinner of 1000 m (Tancredi et al.
2000), but in the absence of other details we assume a Bond albedo
for the nucleus of 0.05, a nucleus density of 300 kg m~ and an active
fraction of the comet’s surface of 20 per cent where needed in the
above ejection models. The Brown & Jones (1995) model was found
to reproduce the duration of the outburst as observed by CMOR
slightly better, and the results reported here use the Jones model.

A supplementary integration of the comet orbit backwards for a
thousand years allowed a determination of the Lyapunov exponent
using the algorithm of Mikkola & Innanen (1999). The e-folding
time-scale is approximately 30 yr, not unexpected for a Jupiter-
family comet with a node near that giant planet. Our primary result
that the outburst originated from the 1966 perihelion passage of
the parent comet is thus two e-folding times into the past and thus
not unduely affected by chaotic effects. The short Lyapunov time
is a result of the frequent close encounters that 21P suffers with
Jupiter. The one of most relevance here is the only close encounter
occurring in the 1966-2012 time frame, a close approach to within
less than 1.6 Hill radii in 1969. This encounter strongly affects both
the parent and the meteoroids released during the 1966 perihelion
passage.

5 COMPARISON OF SIMULATIONS
WITH OBSERVATIONS

The simulation output for the year 2012 is presented in Fig. 12,
which shows the nodal intersection points of the simulated mete-
oroids overplotted on the Earth’s orbit. The dots shown represent
those test particles which are within 0.02 au of Earth’s orbit and
reaching that point within £7 d of our planet being at the same
solar longitude. These are colour-coded by the perihelion of the
parent that released them. The black points represent those which
are closest to intersecting the Earth, within Ar = +0.002 au and
At = +1 d; these will be taken to constitute the simulated outburst.

Only one perihelion passage has a significant population of par-
ticles that meet the outburst criteria: 1966. The location of the peak
corresponds to the time at which CMOR detected the outburst,
though the nodal footprint is slightly off the Earth’s orbit; this will
be discussed further below.

5.1 Why was there no prediction of an outburst?

The largest difference between the simulations and observations
is the fact that the simulated meteors approach but do not quite

intersect the Earth’s orbit. This likely contributed to the absence of
theoretical predictions of the outburst. Maslov? did predict activity
for the 2012 Draconids at this time, in particular in the radio meteor
range, which he attributed to the 1959 and 1966 trails, which our
simulations confirm.

In order to investigate the question of why the simulated nodal
footprint of the 1966 streamlet does not intersect the Earth’s orbit,
we performed additional simulations with higher ejection velocities
to determine the conditions required for these meteoroids to reach
the Earth. Additional ejection velocities around 50-100 ms~' are
needed to move the simulated 1966 stream to the Earth’s orbit cross-
ing. Particles in our model are ejected with a range of velocities V;,
which depends on their size and heliocentric distance. Particles from
107 to 10~* m have V,; = 210 = 80 m s~ (average =+ one standard
deviation); 107 to 107> m, V;j =66 £25ms~!; 1073 to 1072 m,
Vej=21%+8m s~! and 1072 to 10" m, V=66 £25m sl
The three largest size ranges can be brought to Earth intersection
by increasing the ejection velocity to 50-100 m s~!, while 30 m s™!
proves just insufficient. Thus, the discrepancy in the nodal posi-
tion (which amounts to roughly 0.001 au or about half the distance
to the Moon) could be accounted for by relatively high ejection
velocities (as Maslov also noted). However, we note that the close
encounter with Jupiter suffered by 21P/Giacobini-Zinner and its
daughter particles in 1969, as well as uncertainties in the comet
orbit itself [i.e. its non-gravitational parameters changed markedly
in the 1966—1972 time frame; Yeomans (1986)] make it difficult to
pinpoint a single cause. We conjecture that inevitable errors in the
Jupiter family comet’s orbit coupled with its frequent approaches
to Jupiter produce uncertainties in the location of the stream’s node
large enough to confound attempts to model the shower accurately.

Nonetheless, we can conclude with some confidence that the
outburst observed by CMOR was produced by the 1966 trailet.
This is because a comparison of the properties of these particles is
consistent to a high degree with the Draconid outburst observed by
CMOR. This includes the timing of the outburst, its radiant, velocity
and the overall orbital elements, which we present below.

5.2 Timing and radiants

Fig. 13 shows the timing of the shower. The radar and simulation
results are offset slightly, with the simulations showing activity
peaking about 0203 of solar longitude (about 45 min) earlier than
was observed, though the precise width and peak of the simulated
shower is somewhat sensitive to our choice of Ar and At.

The radiants are shown in Fig. 14. The locations of the CMOR
radiant are indicated by the error bars. The ellipse indicates one
standard deviation of the simulated radiant. The observed and sim-
ulated radiants thus have «, and 8, which are consistent to within one

3 http://feraj.narod.ru/Radiants/Predictions/1901-2100eng/Draconids 1901-
2100predeng.html
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sigma. The geocentric velocity (far from Earth) of simulated me-
teors is 20.93 & 0.03km s~'. These agree with the radar-measured
velocities within their respective uncertainties.

5.3 The ‘absent’ storm for visual observers

The size distribution of the outburst in the simulation is concentrated
in a narrow range of meteoroid sizes, from about 0.1 to 0.7 mm,
corresponding to a typical 8 &~ 5 x 1073, This size selection arises
essentially from the timing constraint. Particles of different sizes
tend to have different arrival times at Earth even if released from
the parent at the same time and with the same ejection velocity
because a particle’s orbital period is a function of 8. The need to
arrive at the correct time to produce the outburst thus will restrict 8
to a narrow range. This size distribution is qualitatively consistent
with CMOR observations. Because of the strong size selection for
this outburst, the concept of a power-law distribution of sizes must
be used with great care in this case.

The orbital elements for the core of the simulated outburst are
listed in Table 5. Given the match in the timing and width of the
outburst, as well as consistency between the radar-derived sizes and
radiants and those of the simulations, we conclude that the 2012
Draconids outburst consisted primarily of particles released during
the 1966 perihelion passage of comet 21P/Giacobini-Zinner.

The meteoroids which reach the Earth from the 1966 perihelion
passage show no concentration of release times in the pre- or post-
perihelion orbital arc. The 8 and ejection velocities in the simulation
are shown in Fig. 15: only a narrow segment of the particles ejected
from the comet reach the Earth during the 2012 outburst.

The extensive compilation of historical comet observations of
Kronk (1999) was examined to see if the 1966 perihelion passage of
21P/Giacobini-Zinner displayed any behaviour that might explain
the outburst. The apparition was a faint one and poorly observed
but there are no indications of an outburst or other unusual dust
production during its 1966 apparition.
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Figure 15. The phase space of 8 and ejection speed sampled by the simu-
lation (grey) and those that are part of the simulated shower (black), demon-
strating the reason for dynamical filtering of the outburst to a narrow range
of meteoroid sizes.

Table 6. Predicted future Draconid activity.

Year Trail Start Peak End Maxr(mm) Minr (mm) Offset?

2018 1953 1952 1954 195.6 100 0.4 Yes
2019 1979 194.0 1942 194.5 2 <0.1 No
2021 1979 193.5 193.8 1945 0.25 <0.1 No
2025 1933 194.0 1950 195.3 10 0.3 No

5.4 Future outlook

We extended our simulations to determine whether any further out-
bursts of the Draconids are likely between now and 2025. This pro-
cess is fraught with difficulties, since we have already concluded
that our knowledge of the parent’s orbit is insufficient to model
even the observed 2012 outburst in full detail. However, the desire
to better understand this peculiar shower leads us to the attempt
nonetheless.

Our earlier discussion of the 2012 outburst revealed insufficient
accuracy either in our knowledge of the comet’s dynamical parame-
ters (i.e. orbital elements and non-gravitational parameters) or in our
ability to simulate the comet’s evolution. To attempt to get around
these restrictions, we run simulations based on each of the sets of
osculating orbital elements listed in Marsden & Williams (2008)
for all 14 appearances of 21P/Giacobini-Zinner from its discovery
in 1900 through 2005 inclusive. Each is integrated backwards for
100 yr and then forwards again, producing dust at each perihelion
passage until the year 2025. The initial simulations and refinement
stages are performed in all of these cases as described earlier. In the
absence of observation uncertainty and the chaos produced by close
encounters with Jupiter, these simulations would all produce the
same results. Most — but not all — simulations produced similar pre-
dictions. However, observational uncertainty and chaos are present
and thus each of the 14 orbits is only an approximation to the true
orbit at some instant in time, and we find that shower predictions
are very sensitive to such small variations in the comet’s orbit. The
results reported here for future activity represent a somewhat sub-
jective selection of those years where a majority of the simulations
produce appreciable activity.

To better understand the situation, we first compared the simula-
tions with known outbursts of the Draconids (2005, 2011, 2012) in
the 20012012 range. Here, we were heartened to be able to repro-
duce the occurrence and absence of outbursts as observed, with one
caveat that the simulated nodal footprint of the 2005 outburst was
displaced slightly outside the Earth’s orbit similarly to that of 2012
(the 2011 outburst footprint did not require adjustment).

Given these results, we provide here a list of years when the
simulations show the possibility of increased Draconids activity
where many (though sometimes not all) of the nodal foot prints are
on or near the Earth’s orbit. These years are 2018, 2019, 2021 and
2025. The strongest activity is expected from the year 2018 but its
nodal footprint is offset slightly from the Earth; a precise activity
level is hard to calculate but an outburst similar to 2012 is possible.
The other shower years are not offset from the Earth’s orbit but
show lower rates and smaller particle sizes (Table 6).

6 CONCLUSION

We have reported the analysis of the unexpected intense outburst of
the Draconid meteor shower detected by CMOR on 2012 October
8. The peak occurred at ~16:40 uT (A = 1952622), with a ZHR 5,
~ 9000 £ 1000. The weighted mean radiant around the peak time
(15-19 h ur) was at oy = 26224 £ 071, §; = 5577 £ 021 (J2000).
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The mass distribution index was determined to be s = 1.88 £ 0.01,
lower than the value found in 2011 indicating that the outburst
was dominated by faint meteors compared to 2011. We then used
the meteoroid ablation model developed by Campbell-Brown &
Koschny (2004) to model the structure of the Draconid meteoroids,
which does not reveal unique solutions but suggests that the number
of grains in each meteoroid falls within the range 10-100.

Visual observations also showed increased activity around the
peak time, but with a much lower activity than indicated by radar
(ZHR ~ 200). We interpret this to indicate a strong size selection in
the outburst centred near radar meteoroid sizes, a result consistent
with simulations which predict a similar narrow range in small
particle sizes. The concept of a single power-law distribution in
meteoroid sizes may not be valid for this event spanning radar to
visual sizes, indicating that ZHR and flux estimates are similarly
uncertain.

Dynamical simulations of this event show with some confidence
that this outburst was originated from particles released during the
1966 perihelion passage of the parent body, 21P/Giacobini-Zinner,
although there are some uncertainties of the exact timing of the en-
counter. Further simulations showed that possible increased activity
of the Draconid meteor shower may occur in 2018, 2019, 2021 and
2025.
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