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ABSTRACT

The Draconid meteor shower shows strong bursts of activity at irregular intervals, with nearly no activity in intervening years.
Five outbursts of the Draconid meteor shower were observed with specular meteor radars in Canada and Europe between 1999
and 2018. The outbursts generally lasted between 6 and 8 h, and most were not fully visible at a single geographical site,
emphasizing the need for observations at multiple longitudes for short-duration shower outbursts. There is at least a factor of two
difference in the peak flux as measured on different radars; the initial trail radius effect is undercorrected for Draconid meteors,
which are known to be fragile.
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1 I N T RO D U C T I O N
The Draconid meteor shower (009 DRA) (formerly known as the
Giacobinids, after their parent comet 21P/Giacobini-Zinner) is a
low-activity shower which has irregular, and sometimes spectacular
outbursts. These outbursts can be rich in bright meteors, or confined
to very faint meteors mainly visible to radar (Egal et al. 2019). The
meteors themselves are slow (about 23 km s−1 ) and fragile (see
Borovička, Spurný & Koten 2007, for a summary of observations).
The first radar observations of the Draconids took place in the
UK, during the 1946 outburst, with a military radar at a frequency
of 60 MHz (Hey, Parsons & Stewart 1947). This radar had a power
of 150 kW, and had a narrow, vertical beam which increased the
gain. They observed a dramatic increase in meteor rates (from 10
to 300 min−1 ) on 1946 October 10 (peaking at solar longitude
197◦ ), lasting for about 6 h. The echoes included many overdense
(radiatively thick trails caused by larger meteoroids) and head echoes
(scattering from the ionization around the meteoroid itself rather
than the ionized train). The shower was also observed with the
Jodrell Bank radar (Lovell, Banwell & Clegg 1947), frequency
72 MHz and transmitter power 150 kW, likewise with a narrow
beam. It observed a peak of 200 echoes per minute at the same solar
longitude.
Davies & Lovell (1955) describe a radar survey using Jodrell Bank
from 1947 to 1954 which specifically ran on the expected Draconid
peak days, and found only one significant return of the shower in
1952, peaking at solar longitude 197◦ . At this point the radar had been
upgraded to have two independently steerable antennas (Aspinall,
Clegg & Hawkins 1951), which were pointed just north and south



of due west. The time of maximum is somewhat uncertain, since the
radiant was close to zenith, meaning that radar echoes were close to
the horizon.
A moderate outburst in 1985 was observed by Šimek (1986) with
the Springhill meteor radar in Ottawa, Canada, which had a peak
power of 1.8 MW and ran at 32.5 MHz. The high power of the
radar meant that it was not normally used for meteor rate studies,
because of the manual analysis required for each echo, but a small
portion of the data during the shower peak was analysed carefully.
A correction was performed to correct the observed rates for the
gain pattern of the antennas, which is the first step required to obtain
fluxes, though formal collecting areas were not calculated. Overdense
and underdense echoes were treated separately, and the sporadic
background, based on observations in 1967, was subtracted. There
was a peak at 9 UT 1985 October 8 (solar longitude 195.2◦ ), with a
comparable second peak in the overdense (larger meteoroids) rates
1 h later, though the scatter in number of echoes was large and the
peak time therefore uncertain.
Šimek & Pecina (1999) observed another Draconid outburst in
1998 using the Ondřejov Observatory radar. This radar has a broad
beam which was directed perpendicular to the radiant, and only
underdense echoes were used for the analysis. The frequency of the
radar is 37.5 MHz, and the transmitter power 20 kW. This was the
first radar flux measurement of the Draconids, using the gain pattern
of the antennas to determine the collecting area of the system. The
authors found a peak flux of 0.162 meteoroids km−2 h−1 at a solar
longitude of 195.1◦ .
A 1999 Draconid outburst at radar magnitudes (faint meteors) was
post-predicted by Egal et al. (2019), and a search of data from the
early CMOR radar, moved to Alert, Canada, for the 1999 Leonids,
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2 O B S E RVAT I O N S
Six Skyimet meteor radars were used to calculate Draconid fluxes,
five in Europe and one (with three frequencies) in Canada. All of
the radars used a single transmitter antenna (one per frequency for
the Canadian radar), and an array of five receiving antennas which
allows the direction angles of each echo to be determined (Jones,
Webster & Hocking 1998). The Andenes radar in Norway (69.3◦ N,
16.0◦ E) operates at 32.55 MHz, with a power of 30 kW at the time of
the observations used in this study and crossed dipole antennas with
circular polarization. The Andenes meteor radar has previously been
used for meteor flux calculations (Stober et al. 2013). The Juliusruh
radar in Germany (54.6◦ N, 13.4◦ E) has a very similar system at
32.55 MHz, at a power of 15 kW: the second Juliusruh system at

53.5 MHz was not used for this study, since the initial trail radius
effect is worse for higher frequencies. The radar was transmitting and
receiving circular polarization during the 2018 observations. More
information on these radars is available in Wilhelm, Stober & Brown
(2019). The Collm radar in Germany (51.3◦ N, 13◦ E) operates at
36.2 MHz and has a power of 15 kW (6 kW until 2015) and had
a linear polarization transmit and receive antenna configuration. In
2016 the antennas were upgraded to circular polarization. It was
assumed all the European Skyimet radars had a calibration coefficient
(to convert measured echo amplitude to received power, used to
calculate a limiting magnitude) of 4.9 × 10−21 W du−2 , where du
is the digital units in which amplitude is measured, as measured
in Stober, Singer & Jacobi (2011) for the Collm system. The last
two European radars are Esrange at Kiruna in Sweden (67.9◦ N,
21.1◦ E), at a frequency of 32.5 MHz and a transmitter power of
6 kW, and Sodankylä in Finland (64.7◦ N, 26.6◦ E), at 36.9 MHz
and 15 kW. Esrange was running in 1999 during the Draconids, but
on the day of the outburst there were issues with the interferometry,
making it impossible to pick out the radiants of echoes. Both Esrange
and Sokankylä were running correctly during the 2011 and 2012
outbursts, but neither gathered useful data in 2018.
The CMOR radar operates at three frequencies: 17.45, 29.85, and
38.15 MHz. The 29 MHz system has orbital capabilities using five
remote receivers, but these orbits were not used for this study, since
the rate of meteors with orbits depends on environmental factors and
is not easily corrected for flux studies. The power on all three systems
is continuously monitored: the 29 MHz system was operating at 15.5
kW during the 2011, 2012, and 2018 outbursts. The 17 and 38 MHz
systems have powers of about 6 kW. The 17 MHz system suffers
significant terrestrial interference because of its frequency, and did
not gather useful data during the 2005 Draconid outburst: it was also
not operational between 2011 February and 2013 May and therefore
missed the 2011 and 2012 outbursts, so only 2018 data are available.
The CMOR radar has been in operation since 1999, but has only
had stable power and receiver calibrations since 2002; in general,
no fluxes are calculated prior to this. The exception is observations
made from Alert, Canada (82.455◦ N, 62.497◦ W), when the 29 and
38 MHz systems were deployed in 1999 October and November to
observe the 1999 Leonid outburst; the 29 MHz system was running
during the 1999 Draconids. The power and receiver calibrations were
not monitored continuously during these 1999 observations, as they
are in the radar’s final location near Tavistock, Ontario (43.264◦ N,
80.772◦ W), but the power on the 29 MHz system was measured
on 1999 October 12 at 3.46 kW, and that is the power used to
calculate the fluxes for 1999. The receivers were not calibrated, so the
first calibration after they were returned to Ontario in 2020 January
was used. During the 2011 outburst, the echo line at the predicted
maximum was very close to the horizon, so the 38 MHz system
antennas were rotated by 90 deg, so that the maximum sensitivity of
the antennas was pointed towards the centre of the echo line.
Details of all the radars used in this study are given in Table 1.
3 F L U X C A L C U L AT I O N S
All the Skyimet radars used in this study, with the exception of
the 29 MHz CMOR system, are single-station radars, meaning
that while the location of each meteor echo can be determined
through interferometry, the radiant of the meteor is unknown. Since
all underdense meteor echoes are specular (at right angles to the
trail), the number of echoes coming from a particular radiant can be
determined statistically. To find the flux of a shower, all echoes within
3 deg of being perpendicular to the radiant (lying on a great circle
MNRAS 507, 852–857 (2021)
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found observations of the outburst. More details are given in the
following sections.
The 2005 outburst was observed with CMOR (Campbell-Brown
et al. 2006), and is described in more detail next; similarly, the 2011
and 2012 outbursts were likewise observed with CMOR (Ye et al.
2013, 2014). The 2011 and 2012 outbursts were also seen by the
Shigaraki middle and upper atmosphere (MU) radar in Japan (Kero
et al. 2012; Fujiwara et al. 2016). This radar, at 46.5 MHz and
1 MW power, detects primarily head echoes, and does not therefore
have to use statistical methods to calculate shower activity, since
the orbits of meteors can be determined. Only 13 Draconid meteors
were observed in 2011 because the radiant was below the horizon
during the peak of the shower at solar longitude 195◦ . The radiant
was also low in 2012, but 57 Draconids were detected, and correcting
for the radiant elevation showed a peak activity at a solar longitude
of 195.6◦ , in reasonable agreement with the CMOR results. The MU
study also confirmed that the 2012 outburst was very rich in faint
meteors, which explains why it was not a major outburst in optical
observations. Simulations by Kastinen & Kero (2017) support the
enhanced delivery of smaller masses to the Earth in 2012 compared
to 2011.
The mass index of the shower, s, describes how mass is distributed
in the stream by particle size. An s of 2 indicates that there is equal
mass in each size bin; s > 2 indicates more mass in small particles,
and s < 2 means there is more mass in large particles. Typical
shower mass indices fall between 1.70 and 2.0, with sporadic meteors
normally having an index in the range 2.0 to 2.3. There is a wide
scatter in mass index measurements for the Draconids. In 1985,
Šimek (1994) found that for underdense echoes, the mass index
was 2.06, and 2.11 for larger, overdense meteors. In 1998, visual
observations showed a scattered s between 1.75 and 2.36 (Arlt 1998),
while slightly fainter video observations gave an s of 1.81 (Watanabe
et al. 1999). In 2005, video observations gave an s of 1.87 at the
peak and 1.78 for the full distribution (Koten et al. 2007), while the
CMOR data gave s = 2.0 (Campbell-Brown et al. 2006). In 2011,
the CMOR observations (Ye et al. 2013) gave a mass index of 1.75,
while those of 2012 (Ye et al. 2014) gave an s of 1.88. Visual, video,
and photographic observations (Kac 2015) gave an overall s in 2011
of 2.0. Video observations in 2018 by Vida et al. (2020) showed a
rapidly changing mass index, from 1.74 in the last part of the peak (the
first part of the peak being obscured by twilight), to 2.32 immediately
after. This agrees reasonably with the video observations of Koten
et al. (2020), which found an s which varied from 2.04 to 1.70, with
the lowest value at the strongest part of the shower.
This work examines radar observations of the flux of the most
recent Draconid outbursts (1999 to 2018), using radars from Canada
and Europe.
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Table 1. Details of radars used to observe Draconid outbursts.
Frequency
(MHz)

Lat
◦N

Long
◦E

Power
(kW)

Years observed

Alert
CMOR
CMOR

29.85
17.45
29.85

82.455
43.264
43.264

297.50
279.228
279.228

3.46
15
15

CMOR

38.15

43.264

279.228

6

Collm
Juliusruh
Andenes
Kiruna
Sodankylä

36.2
32.55
32.55
32.5
36.9

51.3
54.6
69.3
67.9
67.4

13.0
13.4
16.0
21.1
26.6

6/15
15
30
6
15

1999
2018
2005, 2011, 2012,
2018
2005, 2011, 2012,
2018
2011
2018
2011, 2012, 2018
2011, 2012
2011, 2012

90 deg from the radiant) are counted as potential shower meteors.
To remove sporadic meteors contaminating the shower echo line,
activity on the echo line 5 d before and after the shower activity
period are measured, and a baseline sporadic activity during the
shower is interpolated for the points in between. This is subtracted
from the shower activity. The fraction of echoes subtracted varied
from about 5 per cent during the peaks of 1999, 2005, 2011, and
2018 to less than 2 per cent at the peak in 2012.
To calculate flux, the area of this echo strip is calculated at 15min intervals. The short intervals are needed for brief outbursts like
the Draconids, and justified because the echo count is high enough
that the noise is tolerable. Each small section of the echo strip is
weighted for the range of the echoes (there is a ∝R−3 decrease
in sensitivity with range for specular echoes). In addition, Faraday
rotation (the rotation of the polarization of the radar beam as it
travels through free electrons in the ionosphere in the presence of the
Earth’s magnetic field) is calculated for linearly polarized antennas:
it does not affect circularly polarized antennas. Faraday rotation is
especially important at higher latitudes, where the magnetic field is
nearly vertical. The gain of the transmitter and receiver antennas
must also be taken into account in calculating the collecting area. In
all cases, the mass index s is used to correct the area to a constant
sensitivity; less sensitive parts of the echo strip will miss meteor
echoes, and the distribution of masses is needed to determine what
fraction are missed.
Finally, the calculated flux must be corrected for the initial
radius effect. We are using the work of Jones & Campbell-Brown
(2005), which used 104 sporadic meteors simultaneously observed
on CMOR’s 29 and 38 MHz systems. There is substantial scatter
in the observed attenuation in the ratio of amplitudes at the two
wavelengths, which indicates that the initial radius effect is different
for individual meteoroids. If the Draconids have substantially larger
initial radii than average sporadic meteors (because of a lateral spread
in fragments, for example, which may be both more numerous and
released earlier than typical given the Draconids fragile nature), their
initial radius correction is underestimated, and both the 38 MHz and
(to a lesser extent) the 29 MHz fluxes will need additional correction
to higher values.
The fluxes calculated here are determined using the code from
Campbell-Brown et al. (2006), with a few small changes. A correction has been added for solar activity (Campbell-Brown 2019),
generally of order 10 per cent or less, increasing measured fluxes
during times of high solar activity as measured with the F10.7 flux.
The geometric limits of the collecting area have also been changed;
instead of 22 deg above the horizon, the limit is a specific sensitivity,
which varies for antenna gains which are not radially symmetric. In
MNRAS 507, 852–857 (2021)

Figure 1. Draconid fluxes at 15-min intervals for 1999. This interval is 1999
October 9 from approximately 7 to 15 UT.

practice, the new limit is very close to the old, only a few degrees
less or more, but it makes a difference if the echo line is very close
to the horizon, as is frequently the case for the Draconid shower.
Finally, a correction has been added to compensate for noise on the
receiver antennas, and the limiting magnitude is adjusted according
to the measured noise of the system for the day. This was done only
for the 29 and 38 MHz systems, where the noise characteristics are
well studied.

4 R E S U LT S
The fluxes from the 1999 outburst have already been published in
Egal et al. (2019), but we have recalculated the fluxes with the updated
flux code, shown in Fig. 1. Since no receiver calibration was available,
the absolute values of these fluxes compared to the other CMOR
fluxes are uncertain. For all the flux plots, Zenithal Hourly Rate
(ZHR) is given on the right axis for comparison. An s of 1.8 was
used for all years, and no attempt was made to change the value of s
during each shower. We have converted the flux into ZHR, commonly
used in visual observations, for comparison with other sources, on
the right axis. This is the number of meteors an ideal observer would
see in 1 h if the radiant were at the zenith and the observer’s limiting
magnitude were +6.5.
Likewise, we have recomputed the 2005 Draconid fluxes for the 29
and 38 MHz CMOR systems (Fig. 2). Notice the flux on the 29 MHz
is about twice the flux on 38 MHz.
In 2011 and 2012, there are fluxes from six radars, but in each
case some or all of the radars did not observe the whole shower. In
2011, the beginning of the shower was observed by CMOR in North
America, and the end was observed by the European radars (Fig.
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Figure 3. Draconid fluxes at 15-min intervals for 2011 October 8, from
approximately 17 to 23 UT.

Figure 5. Draconid fluxes at 15-min intervals for 2012 October 8, from
approximately 13.5 to 20 UT.

Figure 6. Draconid collecting areas (top) and raw echo line numbers
(bottom) at 15-min intervals for 2012 October 8/9, from approximately 19 to
05 UT.

Figure 4. Draconid collecting areas (top) and raw echo line numbers
(bottom) at 15-min intervals for 2011.
Figure 7. Draconid fluxes at 15-min intervals for 2018.

3). Fig. 4 shows the collecting area of each of the systems. The two
CMOR systems have different collecting areas in this year because of
the rotation of the 38 MHz system antennas, which shifted the time
during which the radiant was too low to be observed. The European
radars observed only the end of the strong 2012 return (Fig. 5); Fig. 6
shows the raw number of echoes on the echo line and the collecting
area for each radar in 2012. In 2011 and 2012 Collm is strongly
affected by Faraday rotation due to the echo line passing through
the magnetic field direction; Andenes, Kiruna, and Sodankylä had
antennas with circular polarization and were therefore not affected.
The fluxes for 2018 are fully recorded on Andenes and Juliusruh:
geometry prevented CMOR from observing until mid-way through
the outburst. The progression in flux from 38 to 17 MHz is clearly
seen in Fig. 7, confirming that the difference between 29 and 38 MHz
is a frequency-dependent effect. Fig. 8 shows the collecting area for
the five systems which observed the 2018 outburst: the three CMOR

Figure 8. Draconid collecting areas (top) and raw echo line numbers
(bottom) at 15-min intervals for 2018.
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Figure 2. Draconid fluxes at 15-min intervals for 2005 October 8, from
approximately 13.5 to 18.5 UT.
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Table 2. Characteristics of Draconid outbursts, 1999 to 2018. ZHR range refers to the range of peak
ZHRs measured by all radar systems observing in that year. Note that in some years the peak solar
longitude is different on different systems, by up to 0.1 deg.
Year

Peak Solar longitude (◦ )

Date

Begin time (UT)

End time (UT)

ZHR range

1999
2005
2011
2012
2018

195.75
195.4
195
195.63
195.4

Oct 9
Oct 8
Oct 8
Oct 8
Oct 8/9

7
13.5
17
13.5
19

15
18.5
23
20
5

380
400–1150
300–1000
1700–3600
600–1500

radars have nearly identical collecting areas, except that 17 MHz is
affected by Faraday rotation in the afternoon and the collecting area
is slightly lower at that time (it did not affect shower observations in
2018).
For clarity, all five of these outbursts are plotted on a single
graph in Fig. 9. For each year, the best data from a single radar
were used: 38 MHz was used where possible for CMOR, since
that radar has the best year-to-year calibration, but it only fully
observed two of the outbursts. The absolute scales of the different
radars may not be the same, but the timing of the showers can
be clearly seen. The timing and range of peak ZHRs are shown
in Table 2. The maximum solar longitude is an intermediate value
reflecting all the radars which observed the outburst; those with fewer
radars observing have more precise values, but all the values likely
have uncertainties of the order of ±0.1 deg in solar longitude, as
discussed below. The table also gives the times at which the outburst
began and ended (note that the 2018 outburst began on October 8
and ended the following day, UT), and the range of peak ZHRs
observed by all the radars. Again, a smaller range of observed ZHRs
reflects only a lack of multiple observations, not higher precision
observations.
5 DISCUSSION
The absolute fluxes on different radars agree to within a factor of
two, which is encouraging given that many of the radars do not have
regular calibration data collected. At the 15-min intervals chosen for
MNRAS 507, 852–857 (2021)

this study, different radars have different times for the maximum
flux. The noise is significant at these short intervals, even when there
are tens of echoes in each bin. It is obvious in 2011 and 2018 in
particular, when there are many systems observing the peak, that
different systems have different local maxima; this indicates that the
timing of the maximum cannot be determined to better than a couple
of hours precision.
In most years, the flux measured on the 29 MHz system was
approximately twice that measured on the 38 MHz system. This is
consistent with an undercorrection for the initial radius effect, which
affects shorter wavelengths (higher frequencies) more strongly. If,
for example, Draconid meteors produce trails with larger radii due
to greater fragmentation than average meteors, the standard initial
radius correction would not be sufficient. This is supported by the
three frequency observations in 2018, where the 17 MHz system
(with a much longer wavelength) shows the highest flux. In 2011,
the 29 MHz fluxes were only 40 per cent higher than the 38 MHz
fluxes: whether that is because the properties of the meteoroids in
that year were different or because of an uncompensated systematic
offset in the 29 MHz system is not clear. The 38 MHz system has a
much steadier baseline because of the lack of system upgrades (see
Campbell-Brown 2019, for details), while the 29 MHz system shows
much greater excursions from year to year. The European radars
have fluxes which generally agree more closely with the 29 MHz
system, although since simultaneous power and receiver calibrations
are not available for these systems it is not possible, for example, to
use their data to characterize the initial radius correction factor. All
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Figure 9. Draconid fluxes at 15-min intervals for all years, selected radars.
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6 CONCLUSIONS
Five recent outbursts of the Draconids, observed with radars, have
been compared. There is broad agreement in the shape of the
outbursts from system to system, even in very different geographical
locations. There is more uncertainty in the level of activity, stressing
the need for good calibrations and bias corrections. For the Draconid
shower in particular, it is evident that an improvement is needed
in the initial radius correction factor, which apparently needs to be
larger.
These observations also show the importance of observations with
a spread in geographical longitude for short-duration outbursts like
the Draconid showers. In general, no single location will provide
continuous coverage with a specular meteor radar.
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of the European Skyimet systems have frequencies between 29 and
38 MHz.
Although the fluxes from different years are not necessarily
comparable due to differences in calibrations, it is interesting that
the integrated fluxes (flux-time products) visible in Fig. 9 agree
reasonably with the simulations of Kastinen & Kero (2017) and
Egal et al. (2019).
The Draconid outbursts are all short, lasting less than half a day in
all cases, and often less than 6 h. The data here show the importance
of having radars with a spread in longitudes to characterize the shape
and magnitude of the activity: even with continuous operation, no
single location could have observed all of the outbursts since 1999
from beginning to end. For locations further north than +35◦ , the
Draconid radiant is circumpolar, but when the radiant approaches the
zenith, the echo strip at right angles is nearly at the horizon, where
the antenna gain is low and ranges are ambiguous. This means that
the times at which specular meteor radars can observe the shower are
restricted to radiant elevations under ≈70◦ . For high-latitude showers
like the Draconids, this results in a substantial blind period each day,
even while the shower is above the horizon. Optical methods are not
subject to the same difficulty, but most optical observations missed
the peak of the 2012 outburst, which occurred during the day in North
America and Europe. High-power, large aperture radars observing
primarily head echoes do not have this issue, but are mostly (with
the exception of EISCAT and MAARSY in northern Scandinavia)
located at low northern latitudes or further south, where the radiant
is below the horizon at least some of the time (e.g. Kero et al. 2012).
These high-power radars are not normally run in a mode compatible
with meteor observations, and tend to see fewer shower meteors,
since sporadics increasingly dominate at smaller sizes (see Schult
et al. 2017, 2018; Kero et al. 2019).
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