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Abstract

Using a meteor orbit radar, a total of more than 2.5 million meteoroids with masses ~1077 kg have had orbits measured in the interval 2002—
2006. From these data, a total of 45 meteoroid streams have been identified using a wavelet transform approach to isolate enhancements in radiant
density in geocentric coordinates. Of the recorded streams, 12 are previously unreported or unrecognized. The survey finds >90% of all meteoroids
at this size range are part of the sporadic meteoroid background. A large fraction of the radar detected streams have ¢ < 0.15 AU suggestive of a
strong contribution from sungrazing comets to the meteoroid stream population currently intersecting the Earth. We find a remarkably long period
of activity for the Taurid shower (almost half the year as a clearly definable radiant) and several streams notable for a high proportion of small
meteoroids only, among these a strong new shower in January at the time of the Quadrantids (January Leonids). A new shower (Epsilon Perseids)
has also been identified with orbital elements almost identical to Comet 96P/Machholz.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction Of all the techniques used to measure the meteoroid pop-
ulation in cometary dust trails, direct detection in Earth’s at-

Understanding the linkage between meteoroids and their mosphere is the most sensitive. Meteors observed ablating
parent bodies is a major goal in meteor astronomy. The evolu- in the Earth’s atmosphere allow individual meteoroid orbits
tion of meteoroids, their physical properties and their mass dis- ~ (©© be measured with high precision (Betlem et al., 1997)
tribution all contribute substantially to our knowledge of comets ~ and fluxes/spectroscopically determined chemistry of individ-
(and potentially asteroids), providing insights into parent body ~ Ual meteoroids may be related back to specific parent bodies.
mass loss mechanisms (Jenniskens, 1994), periods of past ac- Perform%ng the latter tf‘Sk requires knqwledge Of_ a Partlcular
tivity (Wiegert and Brown, 2004), chemistry (Borovicka et al., metec?ro'ld’s parent, which in turn requires establishing mem-
2005) and previous orbital history (Vaubaillon and Jenniskens, bership in a rpeteor showe.r. )

2007). Direct measurements of short-period comet dust trails The physical characteristics of meteor showers has been a

(Reach et al., 2007), for example, have established quantitative major area of study in meteor science since individual meteor
estimates for solid particle mass loss and support the notion showers were first recognized in the mid-18th century (Burke,

that mm-cm-sized debris is the principle mode of short-period 1986). A proliferation in the population of potential meteor

cometary mass loss. This finding has played a key role in mod- showers in the early 20th century is exemplified by the numer-
o . . . ous shower catalogues published in this area (cf. Hoffmeister,
ifying the standard paradigm of comets as dirty snowballs into

(at least some) comets being more akin to “frozen mudballs” 1948; Denning, 1899). . .
(Sykes and Walker, 1992) As the decay products of comets and possibly asteroids, me-

teor showers offer a unique window into the origin and evo-
Iutionary processes of small Solar System bodies which have
* Corresponding author. Fax: +1 519 661 4085. orbits close to the Earth. The age of meteor showers constrain
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the radiant spread within a young shower may offer insight into
the ejection speeds for meteoroid-sized particles at the comet,
the ablation behavior of specific meteor showers reveal dif-
ferences in parent body strengths/compositions and evolution
while the mass estimates of showers provide lower limits to par-
ent body masses (cf. Jenniskens, 2006). In some cases, the very
existence of a meteor shower may be the first clue that a poten-
tially hazardous asteroid or comet exists, with the orbit of the
shower providing the telling evidence needed to make a link, as
was the case for the Geminids and Phaethon (Whipple, 1983)
and 2003 EH1 and the Quadrantid meteor shower (Jenniskens,
2004). Linking meteoroid streams to parent asteroids provides
a direct means of estimating the proportion of extinct cometary
nuclei amongst the near-Earth asteroids. Making these linkages
often requires extensive backward orbital integrations which in
turn requires precise knowledge of a streams orbit.

Given the importance of meteor showers to studies of small
Solar System bodies, establishing clearly the existence of both
major and minor showers and characterizing their essential
parameters (radiant locations, drifts, velocities, orbits) would
therefore seem to be a critical first step. Numerous studies have
attempted just this exercise in the past, with varying degrees of
success. A common problem with many past surveys (which are
briefly summarized in the next section) are lack of statistics and
temporal coverage. While the major showers which are univer-
sally recognized show up in most surveys, the characteristics of
these showers often are uncertain, their linkage to other showers
unclear and the case for the existence of minor showers is of-
ten not compelling. In many surveys, correspondence between
as few as two orbits is taken as evidence for a new shower asso-
ciation, despite the fact that observational errors may make the
majority of such associations purely chance.

Here we describe a seven year survey of meteor showers as
detected with the Canadian Meteor Orbit Radar (CMOR). In
developing our methodology, our intent is to establish a list-
ing of meaningful major and minor meteor showers which are
unambiguously detected in multiple years, with multiple radar
frequencies and using two distinct detection methodologies de-
rived from a large orbital database. Separate papers will present
the flux and mass distribution for the showers found in this ini-
tial survey paper.

In total more than 2 million orbits are examined together
with more than 18 million individual meteor echoes observed
from one radar station over the period 2000-2006. We recog-
nize that other minor streams exist in this dataset, but wish to
be conservative in our detection criteria such that this initial list
consists of only showers for which there is high confidence in
their existence. As additional data are collected, we expect ad-
ditional showers to be added to this provisional CMOR list.

In Section 2 we review the major past surveys of meteor
showers and describe criteria for detection used in previous
works. Section 3 briefly outlines the operation of CMOR and
Section 4 details our analysis techniques. Section 5 summarizes
the results of applying these analysis routines to our dataset
while Section 6 compares our results to past studies. In Sec-
tion 7 we summarize our main findings and present conclu-
sions.

2. Previous meteor shower surveys

The earliest meteor shower catalogues were entirely based
on visual observations (cf. Denning, 1899; Hoffmeister, 1948;
Mclntosh, 1935). These early compilations relied on plots of
meteor paths as seen by one observer and an apparent intersec-
tion of several trails in a radiant “area.” This procedure pro-
duced thousands of radiants; today it is recognized that most
were spurious (cf. Jenniskens, 2006). With the exception of the
major annual showers and rare outbursts and/or storms (where
hourly rates were high relative to the average sporadic back-
ground), few other showers were known prior to the middle of
the 20th century with any reliability.

The major revolution in meteor shower determination came
about through application of new observational techniques. The
photographic surveys (most notably that from the Harvard Su-
per Schmidt Program; Whipple, 1951) and radar measurements
(cf. Lovell, 1954) allowed systematic instrumental records to be
gathered and individual meteor trajectories/orbits determined
with a precision far beyond that possible with visual obser-
vations. The majority of earlier visual showers were refuted
through examination of this early data and new lists of showers
compiled based on these instrumental records (cf. Cook, 1973).
The main surveys and datasets producing large numbers of ra-
diants and orbits for meteors, which have formed the basis for
almost all subsequent meteor shower searches, are summarized
in Table 1.

Given these higher precision data, the next step is to decide
what, precisely constitutes a meteor shower. The quantitative
definitions used previously have usually relied on similarity in
orbital parameters as a means to establish membership in a
stream and mean shower orbital elements to establish associ-
ation with a putative parent body.

The earliest quantitative measures of orbital similarity for
meteoroid orbits was proposed by Southworth and Hawkins
(1963), now termed Dsy. They chose to use all orbital ele-
ments defining the shape and orientation of an orbit in making
shower associations (rather than radiants, geocentric velocities
and time of occurrence alone) because their dataset of inter-
est had only 359 orbits and the data were of high precision.
This criteria has been widely employed (cf. Lindblad, 1971;
Jopek and Froeschle, 1997, among many others) for the purpose
of stream identification. Drummond (1981) introduced a mod-
ified version of the Dsy (Dp) using chords rather than angles
and normalization of eccentricity and perihelion terms in Dsy
as an attempt to remove the heavy bias introduced into Dsy for
streams with large perihelion distances or eccentricities.

The essence of these (and many subsequent) orbital associa-
tion techniques is to measure distances in orbital element phase
space and choose a region around a given test point and de-
fine that region as “significantly” associated with the test point.
These approaches depend on choosing the correct size for the
region of significance. Unfortunately, the errors in orbital ele-
ments are not uniform for all measured meteors—higher entry
velocity meteoroids typically have larger spreads in all elements
due to higher absolute errors in determined velocity. The cut-off
values for regions of significance need to be scaled with im-
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Table 1
Major surveys measuring meteoroid orbits, based partially on the compilation of Baggaley (1995) and Lindblad et al. (2003)
Type  Location Years Norb LM  References
Photo Massachusetts, USA 1936-1952 171 ~0 Whipple (1954)
New Mexico, USA
Photo Dushanbe, USSR 1940-1983 639 ~ 41 Katasev (1964); Babadzhanov and Kramer (1967); Lindblad et al. (2003)
Photo New Mexico, USA 1952-1959 1332 42 Jacchia and Whipple (1961); Hawkins and Southworth (1961); McCrosky and Posen (1961)
Photo  Ondrejov, Czechoslovakia ~ 1955-1959 109 +3  Ceplecha et al. (1964); Ceplecha (1957)
Photo  Central Europe (EN) 1955-1990 189 —6  Oberst et al. (1998)
Photo Kiev, USSR 1957-1981 206 ~+1 Lindblad et al. (2003)
Photo Odessa, USSR 1957-1983 459 ~+1 Babadzhanov and Kramer (1967); Lindblad et al. (2003)
Radar Jodrell Bank, UK 1954-1955 2509 +7 Davies and Gill (1960)
Radar Adelaide, Australia 1960-1961 2092 +6 Nilsson (1964)
Radar Kharkov, Ukraine 1960-1965 12500 +7 Lebedinets (1968)
Radar Illinois, USA 1961-1965 19327 410 Verniani (1973); Sekanina (1973)
Photo Western USA (PN) 1963-1975 334 —3  McCrosky et al. (1978)
Photo Japan (TMN) 1964-1989 339 ~ 42 Lindblad et al. (2003)
Radar Obninsk, USSR 1967-1968 9358 +7.5 Lebedinets et al. (1981, 1982)
Radar Kazan, USSR 1968 3200 +8 Andrianov et al. (1968, 1970)
Radar Adelaide, Australia 1968-1969 1667 +8 Gartrell and Elford (1975)
Radar Illinois, USA 1968-1969 19818  +10 Verniani (1973); Sekanina (1976)
Radar Mogadisho, Somalia 1968-1970 5328 +8 Fedynski (1975, 1977)
Photo Western Canada (MORP) 1971-1985 365 —5 Halliday et al. (1996); Halliday (1988); Campbell-Brown and Hildebrand (2004)
Photo Netherlands (DMS) 1972-2001 1344 ~0 Lindblad (1987); Lindblad (1991)
Photo New Mexico, USA 1974-1977 25 ~0 Tedesco and Harvey (1976)
Radar Kharkov, USSR 1975 5317 +12 Kashcheev and Tkachuk (1980)
TV London, Canada 1981-1982 454  48.5 Sarma and Jones (1985)
TV Netherlands (DMS) 1991-2000 1112 +6 Lindblad (1987); Lindblad (1991)
Radar Christchurch, New Zealand 1990-1994 3 x 10° 413 Baggaley et al. (1994)
Radar Christchurch, New Zealand 1995-1999 5x 10°  +14 Galligan and Baggaley (2005)
TV Japan (NMS) 1998-1999 263 +7 Uedaet al. (2001)
TV Ondrejov, Czech Republic ~ 1998-2001 496 +5 Koten et al. (2004)
Radar London, Canada 2002-2007 2 x 100 +8 Present study

Type indicates the method of data collection. The LM column refers to the approximate equivalent meteor limiting magnitude of the survey.

pacting speed. For this reason, these approaches are prone to
error and (particularly) poorly suited to datasets having large
spreads in speeds, such as those measured by radar (as opposed
to more precisely determined photographic data) (see Jopek,
1993; Galligan, 2000, for a review).

Valsecchi et al. (1999) introduced a different orbital similar-
ity criterion having the advantage that it is based on the directly
measured geocentric quantities of a meteoroid orbit; the geo-
centric velocity and radiant as well as the time of occurrence of
a meteor. Their criteria allows tests of orbital similarity using
four measured quantities for a meteoroid orbit, two of which are
invariant over the short timescales typical of meteoroid stream
coherence. Their application of this new similarity function
shows it to be both complementary and superior in many ways
to the previously mentioned Dsy and Dp functions (cf. Jopek
et al., 1999) suggesting use of these geocentric quantities is a
natural means to identify clustering in meteor data.

Galligan and Baggaley (2002a) have examined the orbital
data gathered over a five year period by the Advanced Me-
teor Orbit Radar (AMOR) and applied various cluster search
techniques to try to identify streams in their data. They applied
a wavelet transform (described later) to the radiant locations
of individually measured orbits with further partitioning of the
radiant data by time of occurrence and velocity to strengthen
localized enhancements potentially due to showers. They were
able to isolate six streams with certainty using this approach;

their search technique is largely equivalent to that used by
Valsecchi et al. (1999).

In what follows we have used an equivalent series of quan-
tities to those proposed by Valsecchi et al. (1999) to exam-
ine clustering in our suite of radar orbits. Our approach has
been largely inspired by the work of Galligan and Baggaley
(2002a) and we follow much of their methodology with appro-
priate modifications particular to our dataset. AMOR is sen-
sitive to meteoroids ~100 times smaller in mass than CMOR
and hence tends to be most efficient at detecting sporadic me-
teoroids (which have a steeper mass distribution than showers,
which are richer in larger meteoroids). CMOR is thus expected
to have a larger fraction of detected meteoroids in identifiable
streams.

3. CMOR: Overview of operations, data collection and
analysis

The Canadian Meteor Orbit Radar (CMOR) consists of three
separate interferometric radars, synchronized in transmission
and reflection operating from a single site. Details of the system
can be found in Jones et al. (2005) and Webster et al. (2004);
here we provide a brief overview only.

The three systems operate at 17.45, 29.85 and 38.15 MHz.
The receive and transmit hardware are commercially available
SKiYMET systems (Hocking et al., 2001). The “orbit” com-
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ponent of the system applies only to the 29.85 MHz system
which has two outlying remote stations (6.2 and 8.1 km respec-
tively from the main site) providing reflections from portions
of the trail not directly accessible from the specular reflections
to the main site. For these echoes, the interferometry from the
main site, when combined with the time delay from each remote
site is sufficient information to permit measurement of veloc-
ity vectors for individual meteors. Traditionally, multi-station
radars have been used to determine meteoroid orbits using a
method first proposed by Kaiser. This technique (time-of-flight)
has been widely used for orbit determination by other radar sur-
veys (cf. Sekanina, 1973; Nilsson, 1964). The method relies on
a combination of meteoroid speeds derived from the measure-
ment of the Fresnel oscillations in the echo amplitude and the
time delays measured between a main central station and two
non-collinear outlying stations. Because only a small fraction
of the detected echoes produce measurable Fresnel oscillations,
there is some question whether the orbital distributions so ob-
tained are representative of the whole set. The design of both
the AMOR and CMOR radars takes a different approach: in ad-
dition to the time delays, interferometry is used to determine
the directions of the echoes which are known to be orthogonal
to the meteoroid trajectories. By doing this, the dependence on
the Fresnel method of determining meteoroid speeds is avoided
and orbits can be determined for all the echoes detected.

The principle difference between earlier surveys and the
measurements made by CMOR is that we do not require Fres-
nel oscillations in amplitude to measure the time offsets; rather
we make use of a common reference point found on the rising
edge of the filtered echo (which removes high frequency fluc-
tuations) at each site where the inflection point has a minimum
in the 2nd derivative of the amplitude vs time profile.

Velocities are also measured for ~5% of all echoes using the
hybrid-Fresnel oscillation method of Hocking (2000) from sin-
gle station data. These echoes, however, do not have complete
individual trajectory information from this velocity information
alone.

The configuration details common to all three systems are
given in Table 2. Each system has seven antenna and seven
separate receivers. For the 17 and 38 MHz systems all seven

Table 2
CMOR hardware and operating characteristics

17.45MHz 29.85 MHz 38.15 MHz
43.264° N, 80.772° W

Quantity (units)

Location (latitude, longitude)

(degrees)

Pulse repetition frequency (Hz) 532

Range sampling interval (km) 15-252

Range resolution (km) 3.0

Peak transmitter power (kW) 6.0

Transmitter half bandwidth to 3 dB 30.0

points (kHz)

Receiver half bandwidth to 3 dB 25.0

points (kHz)

Transmit pulse length (us) 75.0

Receiver noise level (dBm) —98 —109 —113
Receiver absolute (noise limited) +7.4 +8.8 +9.3

equivalent meteor limiting magnitude

receivers are used for reception (to boost signal to noise levels)
but only five are used for determination of measured echo di-
rection using interferometry. The 29 MHz system uses the two
extra receivers to record signals from the two outlying stations.

The transmit and receive antenna have broad (nearly all-
sky) gain patterns. The transmit antenna is a vertically directed,
horizontally-polarized 3 element Yagi with G = 7.6 dB; (rel-
ative to an isotropic radiator) and a beam width to the 3 dB
points of 30°. The receive antennae are all two element, ver-
tically directed horizontally-polarized Yagis with G = 6.5 dB;
and beam-widths of 45° to the 3 dB points. Directions to each
echo are measured using the relative phase difference between
the antennae within each of the 5-element interferometer arrays
(cf. Jones et al., 1998, for more details of the interferometry
technique). The interferometric error is less than 0.5° for echoes
with elevations above 30° found through simulation for echoes
with SNRs above 15 dB. Due to the degradation in interfero-
metric accuracy at low elevations, no echoes are processed if
their nominal elevation is below 20°.

The basic echo detection and analysis algorithms used for
the SKiYMET system are described in detail in Hocking et al.
(2001). Once an echo is detected at the main site various char-
acteristics are measured including time of occurrence, interfer-
ometric location, range, height, lifetime and maximum ampli-
tude. The occurrence time is recorded to a precision of 1 ms and
locked to a GPS clock, though the systematic offset of the sys-
tem is such that accuracies can be as poor as ~1 s in extreme
cases (though all systems have the same offset when present)
due to delays caused by hardware interrupts.

For the 29.85 MHz orbital system, each remote link signal
is saved on the two extra receiver channels at the main site af-
ter being transmitted over a UHF link. Approximately 1/4 of
all echoes detected at the main site on 29.85 MHz have the cor-
rect geometry and sufficient signal strength as seen from both
remote sites to allow time delay measurements and orbit calcu-
lation.

All receivers are cosmic noise limited, with minimal de-
tectable signal strengths as given in Table 2. The variation in
noise levels is controlled principally by galactic cosmic noise
at our HF/VHF frequencies and produces a diurnal noise varia-
tion of 2 dB for 29 and 38 MHz. The 17.45 MHz system suffers
from heavy terrestrial interference during the day limiting use-
ful echo detections to night-time hours only.

Single-station data collection with CMOR began in 1999
with orbit capability added in early 2002. In recent years the
uptime duty cycle of the radar has exceeded 90%, with the orbit
measurement duty cycle only slightly lower. The daily number
of detected echoes from each of the three systems is shown in
Fig. 1. During the entire period of the survey, each of 17.45,
29.85 and 38.15 MHz recorded 26.3, 18.3 and 11.0 million me-
teor echoes respectively.

For the 29.85 MHz orbital system, the absolute minimal de-
tectable signal strength corresponds to meteors with radio mag-
nitudes near +9 (cf. Verniani, 1973, for the definition of radar
meteor magnitude). However, effective counting statistics for
29.85 MHz are complete only to +8 due to the roll-off in sensi-
tivity as the absolute detection threshold is reached—this is the
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Fig. 1. The number of detected echoes on 29 MHz (solid circles) and at 38 MHz (open squares) as a function of solar longitude from 1999-2006. The irregular
distribution in 1999-2001 is due to periodic downtime experienced by the radars; all systems were significantly more stable from 2002 onwards. The final graph
(bottom) represents the total echoes per degree solar longitude bin detected from 1999-2006.

effective detection limit for the radar and corresponds to mete-
oroids of ~10~7 kg mass for an average velocity of 30 km/s.
Fig. 2 shows the number of orbits measured each day since the
orbital system began operation. The total number of unique or-
bits measured to mid-2007 is just over 2.5 million.

The distribution of magnitudes for each echo with a mea-
sured orbit is shown in Fig. 3. Here the velocity measured using
the time-of-flight technique is combined with the received echo
power and the gain in the direction of the echo to estimate mass
using the mass—magnitude—velocity relation of Verniani (1973).
The value is a lower limit to the actual mass as we implicitly as-
sume the scattering occurs at the point of maximum ionization.
Note that the distribution has not been corrected for biases and
merely represents the magnitude distribution of meteors having
orbits measured with our radar system—it should not be used to
quantitatively compute mass distribution indices (for example)
in raw form.

The receivers have automatic phase calibrations performed
every % hour during radar operation. Typical daily variations in
the receiver phases are measured to be of order a few tenths of
a degree. The phase difference introduced through cabling is a
larger source of uncertainty. End-to-end phase calibrations are
made a few times per year and typically show differences of or-
der 2°-3° over the course of several months. Transmitter power
on 29 and 38 MHz is measured every 10 min using two Bird
4391A Wattmeters with precisions of 5%. Power variations are
less than the measurement precision and generally exceed this
threshold only when significant impedance mismatches occur
between the cabling and transmit antenna, such as during ice
storms. Considering all sources of error, we estimate our inter-
ferometric measurements to be accurate <0.5° for most echoes
at elevations above 30°.

Our main source of error in velocity and radiant measure-
ments are due to uncertainties in the measured time delays
between the main and remote sites (cf. Jones et al., 2005, for
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Fig. 2. The number of orbits measured per degree of solar longitude from
2002-2006.

a more complete discussion of this point). The uncertainty in
this value depends on the character and shape of each echo
and may vary considerably—we cannot specify this for each
echo. The impact of a given time delay measurement error
on radiant and velocity determination also depends on the
echo geometry. An error of one pulse in the time delays cor-
responds very approximately to an error in radiant direction
of 2° and a velocity error of 3% at 40 km/s. In practice, we
find our radiant spread and velocity errors are larger by about
a factor of two than these values. This best estimate for our
mean error is found by comparing measured radiant/velocity
values for known showers (measured with higher precision
photographic techniques) against individual radar meteoroid
orbits. However, as will be seen in the results section, the
mean values found from a large collection of radar measured
orbits for each shower gives excellent agreement with veloc-
ity/radiants from the major showers measured using other tech-
niques.

Our final remaining uncertainty relates to the magnitude of
the deceleration correction to be applied to each measured orbit.
Brown et al. (2004) used major showers as calibration points
for CMOR data to compute a mean correction as a function
of measured velocity and height—this CMOR-specific correc-
tion was applied to each echo having time of flight information.
Fig. 4 shows this deceleration correction and compares it to oth-
ers which have been used for radar data in the literature.
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Fig. 3. The magnitude distribution (top) and mass distribution (bottom) for
all radar echoes where orbits have been measured. The electron line den-
sity—mass—magnitude—velocity relation from Verniani (1973) has been used.
Note that these values are upper limits as we assume scattering occurs at the
point of maximum electron line density.
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Fig. 4. The deceleration correction applied to/measured for radar meteor
echoes. The solid curves represent the correction found empirically by Brown
etal. (2004) for CMOR data as a function of height. The dashed curve is the cor-
rection applied to AMOR data as given by Baggaley et al. (1994) while the gray
line is the deceleration values measured by the Harvard Radio Meteor Project
as determined by Verniani (1973).
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4. Shower search methodology

To detect a meteor shower in our data, two different tech-
niques are used and then the results from each compared; only
showers recognized by both are recorded as true showers. We
begin by defining a meteor shower as a collection of mete-
oroids having similar velocity vectors at the Earth and which
encounter the Earth continuously over a short (typically a few
days, but in some cases as long as a month) period of time.
The shower must show a significant clustering in the four mea-
sured quantities which uniquely define the orbit of a meteoroid
encountering the Earth (such as the geocentric quantities ag,
g, Vg, §2) relative to the sporadic background. Note that since
one node of the orbit must intersect the Earth, the orbit has
5 — 1 =4 degrees of freedom; hence only four quantities (or-
bital elements, geocentric quantities, state vectors, etc.) need be
defined. Since the meteoroid stream has broadly similar orbital
parameters across its cross-section, the geocentric radiant will
move noticeably (with consistent Aag, Adg,) over time in re-
sponse to the changing heliocentric velocity vector of the Earth.
This may be used as a further means to discriminate noise from
true showers.

From this definition it follows that a meteor shower with un-
known characteristics may be detected in a number of ways. In
increasing order of detection sensitivity these are:

A) An enhancement in meteor rates over a set period of time
without radiant or velocity information, provided the en-
hancement is large compared to the sporadic background
recorded by the same system. This technique is used in
defining showers from forward-scatter radio observations,
for example (cf. Yrjola and Jenniskens, 1998)

B) Anenhancement in rates from a particular radiant over a set
period of time. This is the standard method used for visual
meteor observations (Rendtel et al., 1995).

C) Anenhancement in rates from a particular radiant, with par-
ticular velocity, over a set period of time. This is the most
sensitive means of detecting weak showers (cf. Gartrell and
Elford, 1975) and is the technique which allows association
of orbital elements to be used in cluster searches.

Here we make use of approaches B and C as described be-
low.

4.1. Single station shower identification

In the first approach, all echoes recorded from the main site
(for each of the three frequencies) are used to “map” radiant
activity over the entire sky in one degree solar longitude time
bins. This mapping exploits the specular nature of all meteor
echoes observed by the radar; each echo direction must be at
right angles to the actual radiant. The range of possible radiant
locations defines a great circle on the sky. When combined with
the time of occurrence (and location of the radar) it is possible
to map the apparent radiant activity in equatorial coordinates
day-by-day. Details of the technique are given in Jones and
Jones (2006). Fig. 5 shows a typical daily map with showers
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Fig. 5. A single station radiant activity map determined from 29.85 MHz data.
The data are for A = 186° with all years between 1999-2006 combined. The
coordinates are equatorial and the locations of three showers from our survey
are shown for this particular solar longitude.
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identified. Note that definitive shower association is not possi-
ble for any particular echo using this approach.

As our initial goal is to define those showers which recur
year-to-year we have combined all data from all years into a
single equivalent solar year binning echo data by solar longi-
tude. Individual days in a given year having more than 4 h of
radar downtime or where noticeable interference appeared on
the radiant maps were removed from further analysis.

Radiant maps in equatorial coordinates were then con-
structed from these binned and combined data at all three fre-
quencies. Data from 17.45 MHz suffers significant interference
during the day which in turn produces artifacts in the radiant
mapping process; we used 17.45 MHz data only as a check
against the more reliable 29.85 and 38.15 MHz data.

Using these radiant maps, the strongest annual showers (Eta
Aquariids, Geminids, Quadrantids) were easily visible. From
a selection of these and several other known strong annual
streams, we followed the full duration of each stream activity,
noting the level at which the stream radiant merged into the
sporadic background. This level, which was fairly stable from
shower to shower, was then used to define our single station
shower radiant strength significance cutoff relative to the spo-
radic background.

Each map for each degree of solar longitude was examined
and all radiants having this significance cutoff value (or higher)
were identified as a local maxima. This potential radiant list
for a particular degree of solar longitude was then compared
to the single degree bins before and after and any local max-
ima in those bins which were within two degrees in o, and §,
of the radiant position in the central solar longitude bin were
recorded together as a possible linked radiant constituting a
shower. These chains of linked radiants were then saved and
those showing consistent positive drifts in o, and consistent
drifts throughout their activity period in §,, were identified. This
final list was then manually examined to ensure no noise fluc-
tuations identified as possible showers remained and the lists
on 29.85 and 38.15 MHz compared for consistency. A final
list of potential showers was then constructed of 47 probable
streams at the end of this stage of the single station radiant
analysis.
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4.2. Orbit shower identification using wavelet transforms

Approach C from the earlier shower detection list involves
searching for enhancements in the local density of orbital el-
ements or equivalent. Since orbital elements transform non-
linearly with errors in measurement, we examine the equivalent
set of geocentric parameters, such as ag, §,, V,, £2—right as-
cension and declination of the geocentric radiant, velocity and
time of meteor appearance; specification of these four quantities
is equivalent to providing a complete set of orbital elements for
a meteoroid impacting the Earth. We apply this search method
to our individually measured orbits, numbering just over 2 mil-
lion.

Following Galligan and Baggaley (2002a) we make use of
the wavelet transform to search for enhancements relative to
the sporadic background in the radiant and velocity space of our
orbital dataset. The wavelet transform is well suited to search-
ing for enhancements in datasets at different scale sizes (where
some a priori knowledge of the shape of the enhancement is
known) and has been applied to problems as diverse as as-
teroid family identification (Bendjoya et al., 1991) as well as
astronomical image analysis (cf. Tiscareno et al., 2007). The
2D wavelet transform we use makes use of the Mexican Hat
mother wavelet (which is well suited to point distributions hav-
ing Gaussian shapes of enhancements; cf. Antoine, 2004):

We(xo0, y0)
T (x0 — )%+ (o — ¥)?
= s 2 —
ma_'()/o_zo fx y)< ) )
Y Y
Xexp[_((xo x)"+ (o —y) )]dxdy.
242

Here x, y are spatial coordinates on the sky (such as ag, d,),
a is the scale size (in degrees in our application) of the wavelet
probe, W.(xo, yo) is the value of the wavelet coefficient at the
test point and f(x, y) is the distribution of geocentric radiants
in our data. The design of the convolution is such that structure
in f(x,y) matching the probe size chosen for our wavelet will
have large values of W,. The convolution only has significant
contributions from radiants that are roughly within one probe
size of a particular test point. Note that the W, values given in
the present work ignore the leading 1/+/27 term.

To further enhance the signal of weak showers in our or-
bital dataset, we structure our search to be equivalent to a 3D
wavelet transform by first partitioning all our radiant data by
velocity. This is done using bins of width comparable to our
velocity measurement error of ~10%; thus the bin centered at
33 km/s includes all radiants with measured time of flight ve-
locities from 30-36 km/s. Finally, we divide all our orbital data
temporally into one degree bins of solar longitude of time of oc-
currence and combine all years of data into 360 bins.

Since we do not know a priori what probe size will produce
a maximum in W, (and hence be a best fit probe size for a par-
ticular shower radiant), we compute wavelet coefficients for all
velocity bins and each degree of solar longitude for discrete
probe sizes of 1°, 2°, 3°, 4° and 8°. This number of probe size

choices x velocity bins represents a total of 105 combinations
of wavelet time series to be computed. As radiant positions for
showers drift less in Sun-centered ecliptic coordinates, the final
stage of searching for significant maxima in W, is performed
with all radiants transformed to (A — Ag, B8), where A is the eclip-
tic longitude of the radiant, Ao the solar longitude at the time of
the meteor echo and 8 is the ecliptic latitude of the radiant. For
each degree of solar longitude, W, is computed in steps of 0.5°
of A — A from 0° to 359.5° and from —40° to +90° in 8.

From this map of W, in a one degree bin of solar longitude,
all W, values are located which are apparent local maxima.
These are defined by searching within any 2° region of a partic-
ular W, value—if no points are found which have greater values
of W, then we identify W.(A — Ao, B) as a local maximum.
Next, the median and standard deviation of W.(A — Ag, B) is
computed over all degrees of solar longitude. Points more than
30 above the median are discarded and the process iteratively
repeated until no more points forming the median at that grid
location lie outside the 30 bounds. Local maxima more than
30 above the final median estimate and where the density of
radiants is above a minimum threshold determined through sim-
ulations to exceed that produced from a uniform background
were selected for the next step in the search. The latter criteria
(minimum density of radiants) was imposed to avoid selecting
local maxima in the region of the antapex where radiant den-
sity is very low and hence a statistical fluctuation of only a few
radiants in one position tends to produce false maxima.

These local maxima are then linked as potentially repre-
senting a single shower across individual solar longitude bins,
provided they are separated by less than 2.5° in (A — Ag, 8) or
less than 3.5° if separated by two degrees of solar longitude.
These potential showers are further filtered by requiring one of
the local maxima to be 100 above the background. Single ra-
diant points visible for only one solar longitude bin were only
considered potential showers if the local maximum was 15¢
above the background.

This process produced many duplicate “chains” of linked
local maxima all from the same shower among the 105 combi-
nations in the wavelet time series. To optimize the signal among
these chains (i.e., to pick the best chain with the various com-
binations of probe size, velocity cut-off), the solar longitude
bin of the maximum W,.(A — A, B) was first used to refine the
velocity of the potential shower. The W.(A — A, B) was recom-
puted using different centered velocity bins (still spanning 10%
of the central velocity bin) with 1 km/s incrementing steps and
a Gaussian fit performed on the distribution to identify the peak
bin (Vg max) and spread o.

With a best estimate for the velocity of the shower from the
previous step, the peak bin in velocity, (A — Ao, 8) and solar lon-
gitude was then used and a range of probe sizes (from 0.1°-20°
at 0.1° intervals) applied to the maximum point. In general, this
procedure produced a function showing a clear maximum, in-
dicating the best choice of probe size for a particular radiant,
amax. We found that most showers had similar-shaped probe
size distributions of W,.(A — Xg, B), usually with amax = 3°—4°.
This is similar to the findings of Galligan and Baggaley (2002b)
and suggests that this represent the size-scale of our measure-
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Fig. 6. The wavelet velocity fit to the Eta Aquariid shower. The individual cir-
cles represent the value of the wavelet coefficient centered at discrete 1 km/s
intervals. Each measured bin represents the center of a velocity window having
a width 10% of the center value. The solid line is a non-linear Gaussian fit to
this distribution. The peak of the Gaussian fit is taken to be the best estimate for
the wavelet shower velocity and the width of the Gaussian is the spread in the
measured speeds.
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Fig. 7. Wavelet probe size fit to the Eta Aquariid shower for solar longitude 45°.

ment error, as opposed to an intrinsic physical spread for the
radiants (in most cases).

Figs. 6 and 7 show this procedure in practice as applied to
the Eta Aquariid shower.

From this velocity and probe size fit, the final set of shower
measurements was made (from this optimal combination) us-
ing the wavelet transforms previously computed with integral
probe sizes (1°, 2°, 3°, 4° and 8°) using the bins closest to this
probe maximum. For each shower this produced a list of shower
radiant locations as a function of solar longitude with measure-
ment of the W.(A — Ao, B) as well as the number of standard
deviations this W, (A — Xq, B) value was above the median back-
ground (for the entire year). A final check on each probable
shower was performed to ensure that Aa > 0 and A§ as a func-
tion of solar longitude was consistent.

This set of wavelet maxima as a function of solar longi-
tude was then used to further extract individual orbits from

our dataset. We assume the distribution of radiants is Gaussian
about the peak W, (A — Xq, B) for each solar longitude bin. From
simulations we find that the relationship between the spread in a
Gaussian source function and the probe size used for the Mex-
ican Hat Wavelet is 0 = amax/ V3, a finding identical to that
by Galligan (2000). It is interesting to note that our optimal
probe sizes suggest widths of order ~2° for most showers, an
independent check on our estimate of our expected radiant mea-
surement error. This is much larger than the spreads detected
by photographic measurement of shower radiant sizes (e.g.,
Kresak and Porubcan, 1970) which suggest values typically of
order 0.3°-1.6°; only the Taurids show higher dispersion in the
photographic data which would be comparable to our measure-
ment error.

From this relationship we extracted those orbits which were
within amax /\/5 degrees of the W.(A — Ag, f) maximum and
which had V, in the interval Vg max &= 0. These orbits represent
the core of each stream—additional members could be added
(particularly for the strong showers) by relaxing either or both
of these constraints, but we chose here to sacrifice some orbit
numbers to be certain of minimal sporadic contamination, even
for minor streams.

A total of 45 streams were found in this second stage of the
analysis to be in common with our first (single station) analysis.

5. Results

The results of the 45 streams identified in our analysis are
given in Tables 3 and 4.

Table 3 summarizes measurements made from single station
data alone—here 29.85 MHz values are chosen, though radi-
ant drifts determined from 38.15 MHz single station analysis
are generally comparable. The begin and end solar longitudes
reflect the times when the showers merge below the sporadic
background as described in Section 4.1. The relative intensity of
single station activity (termed Z) is also given in the table—this
is roughly proportional to the number of echoes contributing
to the radiant “point” per degree of solar longitude. It is not
related to the absolute flux as no corrections for mass depen-
dence or collecting area have been performed—thus the relative
strengths of different showers are not directly comparable. The
activity profile for a particular shower, however, does reflect the
relative change in flux to the mass limit of that particular stream.

The table also summarizes the radiant location at the time of
maximum. Since single-station radiant mapping does not make
use of velocity information directly, this is an apparent radiant
location only—it does not have zenithal attraction, diurnal aber-
ration or other corrections applied to provide true geocentric
radiant coordinates. The radiant drift (per degree solar longi-
tude) should be comparable to that measured with the wavelet
analysis; note that the single station data has ~4 times as much
data on average per shower so the drift values here (particularly
for weaker streams) may be more robust than the corresponding
values obtained from the multi-station analysis. These drift val-
ues were computed in «p, §, assuming a linear dependence on
solar longitude. For showers of long duration (such as the South
Delta Aquariids or the Taurids) this linear assumption is only
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Table 3
Shower survey results from single station observations made at 29.85 MHz
TAU name or proposed Three letter Amax Abegin Aend Max Z Omax Smax Aa +Aa AS +AS
code
April Lyrids lyr 325 30 34 36 271.9 335 0.78 0.16 —0.42 0.21
Daytime April Piscids aps 325 30 36 26 9.4 10.9 0.90 0.08 0.37 0.05
Eta Aquariids eta 44.5 33 64 277 336.2 —0.9 0.69 0.01 0.33 0.01
South Daytime May Arietids sma 47.5 30 61 30 28.6 9.7 0.97 0.03 0.30 0.02
Northern Daytime Omega-Cetids noc 47.5 30 59 29 8.7 19.3 0.97 0.03 0.31 0.01
Southern Daytime Omega-Cetids oce 49.5 34 59 32 234 —-3.2 0.90 0.03 0.43 0.02
Daytime Arietids ari 76.5 65 93 255 41.9 25.4 0.63 0.02 0.19 0.01
Daytime Zeta Perseids zpe 83.5 47 95 41 64.7 27.9 1.01 0.02 0.25 0.01
Southern June Aquilids szc 80.5 78 81 28 304.7 -31.3 —0.25 0.34 0.46 0.16
Daytime Lambda Taurids dlt 81.5 77 93 32 50.2 12.1 0.82 0.11 0.34 0.04
Epsilon Perseids epr 95.5 92 107 24 57.8 37.4 0.77 0.08 0.42 0.06
Daytime Beta Taurids bta 96.5 82 103 45 84.9 22.7 0.88 0.07 0.05 0.01
Epsilon Pegasids epg 106.5 104 109 22 320.9 10.7 0.60 0.21 —0.36 0.26
Northern June Aquilids nzc 108.5 85 114 29 314.5 —2.2 0.81 0.02 0.20 0.02
Beta Equuleids beq 108.5 104 113 20 322.5 8.6 0.84 0.18 —0.45 0.19
Alpha Lacertids ala 110.5 100 113 25 354.6 55.1 0.95 0.24 0.37 0.11
Psi Cassiopeids pca 116.5 112 120 27 52 64.4 0.62 0.26 0.68 0.18
Alpha Capricornids cap 124.5 102 130 36 304.1 —6.6 0.69 0.02 0.24 0.01
Southern Delta Aquariids sda 125.5 115 155 356 339.4 —153 0.77 0.01 0.28 0.01
Piscis Austrinids pau 125.5 121 138 26 347.7 —22.6 0.53 0.1 0.17 0.06
Southern Iota Aquariids sia 129.5 125 149 22 3325 —14 0.93 0.05 0.34 0.02
Daytime Xi Orionids xri 131.5 116 138 19 102.9 18.6 0.81 0.06 —0.09 0.03
Northern Delta Aquariids nda 137.5 131 159 22 345.2 2.2 0.70 0.03 0.33 0.01
Perseids per 139.5 123 142 103 454 57.7 1.35 0.07 0.23 0.02
Northern Iota Aquariids nia 167.5 113 182 33 2.7 7 0.84 0.01 0.33 0.01
Daytime Kappa Leonids kle 178.5 164 189 40 159.1 18.2 0.63 0.03 —0.31 0.02
Daytime Sextantids dsx 187.5 180 193 83 154.4 —0.1 0.69 0.02 —0.58 0.02
Southern Taurids sta 191.5 166 236 56 27 8.6 0.82 0.01 0.25 0.01
October Draconids dra 195.5 195 195 20 264 57.6 0.00 0 0.00 0
Orionids ori 209.5 196 222 132 95.2 16 0.84 0.02 0.03 0.01
Northern Taurids nta 223.5 201 236 31 52.7 22.9 0.90 0.02 0.24 0.01
Leonids leo 236.5 230 238 82 154.5 21.1 0.51 0.15 —0.48 0.14
November Orionids noo 247.5 226 256 78 90.4 16.2 0.74 0.01 —0.02 0.01
Geminids gem 260.5 243 269 817 112.1 34 1.12 0.01 —0.16 0.01
December Monocerotids mon 262.5 253 266 21 102.9 8.9 0.53 0.06 —0.05 0.05
Ursids urs 270.5 270 270 29 212.5 75.1 0.00 0 0.00 0
Sigma Serpentids sse 275.5 271 282 18 244.8 -3.7 0.74 0.08 —0.16 0.11
January Leonids jle 280.5 278 284 42 145.3 25.4 0.99 0.1 —0.36 0.03
Omega Serpentids oms 280.5 270 281 25 244.9 2.1 0.60 0.06 0.08 0.1
Quadrantids qua 283.5 281 286 238 230.6 50.4 —0.01 0.32 0.38 0.32
Alpha Hydrids ahy 290.5 280 294 17 131.1 -7.9 0.69 0.05 —0.19 0.03
Theta Coronae Borealids tcb 296.5 294 300 24 227.4 41.2 1.57 0.17 —0.91 0.11
Lambda Bootids Ibo 295.5 283 299 27 218.8 45.7 1.36 0.13 —0.62 0.05
xi Coronae Borealids xcb 295.5 291 303 18 245.9 322 0.69 0.15 0.05 0.11
Alpha Antilids aan 313.5 308 321 24 159.9 -9.3 0.91 0.05 —0.38 0.06

The solar longitude of apparent activity maximum (Amax), the start and end solar longitude of activity as defined in the text (Apegin and Aeng, respectively) and the

relative activity strength at maximum (Max Z) are shown for each shower.

an approximation; for these cases a somewhat better fit could
be found by adopting a second order dependence in ¢, §,. All
drift values were found by first rejecting points more than 3o
outside the confidence limits of the initial regression in both a,
and §,. This procedure was repeated until all points were within
3o of the best fit line in either «p, or §,. Fig. 8 shows a typi-
cal single-station radiant drift plot from single station data from
our data.

Table 4 summarizes the physical characteristics of the same
radiants using the wavelet transform. The duration of the
shower above the sporadic background (as outlined in Sec-
tion 4.2) as well as the radiant position in geocentric equatorial

coordinates (a, and &) are shown. The best fit velocity and
standard deviation of the Gaussian fit are found using the pro-
cedure described in Section 4.2. The drifts in c, and 6, were
found using the same 30 rejection technique as used with the
single station fits. W, nax for each shower and the best fit probe
size are also provided. Fig. 9 shows a radiant drift plot from
wavelet data.

From these wavelet fits, we have computed representative
orbits using the observed radiants and best fit velocities from
the wavelet transform maximum positions at the time of the
shower maximum (as determined by the timing of W, pax). Ta-
ble 5 shows these wavelet mean orbits.
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TAU name or proposed Three letter  Amax  Abegin  Aend Wemax  @gmax  Sgmax Ao Ao AS +TAS amax Vg (km/s) oV,
code

April Lyrids lyr 325 31 33 26.8 2723 326 150 0.06 —0.30 0.06 2 473 4.1
Daytime April Piscids aps 245 16 33 18.1 3.8 55 090 0.04 039 0.03 4 28.9 34
Eta Aquariids eta 455 35 59 2852 3380 —0.7 0.69 0.01 033 000 2 64.6 6.2
South Daytime May Arietids sma 465 23 63 23.6 28.4 7.7 092 0.01 032 001 3 28.3 3.3
Northern Daytime Omega-Cetids noc 455 16 58 38.4 9.0 173 095 0.01 036 0.01 4 36.8 4.1
Southern Daytime Omega-Cetids  oce 455 18 62 42.5 20.5 —6.1 093 0.01 044 001 3 36.9 39
Daytime Arietids ari 745 64 88 169.8 41.7 23.6  0.60 0.02 0.19 001 3 39.1 42
Daytime Zeta Perseids zpe 745 58 88 32.0 57.4 234 1.00 0.02 0.20 0.01 4 26.4 39
Southern June Aquilids szc 80.5 78.0 82.0 31.1 3047 =328 0.02 023 030 0.12 2 38.6 3.4
Daytime Lambda Taurids dlt 855 170 98 19.2 56.7 11.5  0.82 0.02 0.27 001 4 36.4 3.7
Epsilon Perseids epr 95,5 920 107.0 13.0 58.2 379 0.78 0.05 0.15 0.04 4 44.8 44
Daytime Beta Taurids bta 93,5 90 100 25.8 82.0 20.0 0.89 0.08 0.04 005 4 27.4 3.1
Epsilon Pegasids epg 105.5 104 106 17.2 3263 147 150 0.40 045 038 4 29.9 32
Northern June Aquilids nzc 1015 77 117 44.8 310.4 —4.9 0.83 0.01 0.16 001 4 38.4 3.9
Beta Equuleids beq 106.5 104 112 164 3215 87 0.69 0.09 -028 0.14 3 31.6 3.1
Alpha Lacertids ala 105.5 102 110 139 343 49.6 0.70 0.19 037 0.07 3 38.9 33
Psi Cassiopeids pca 117.5 110 124 22.1 11.9 654 122 0.15 043 0.06 3 44 4.6
Alpha Capricornids cap 1235 116 128 199 3029 -99 0.66 0.02 028 0.02 2 22.2 2.3
Southern Delta Aquariids sda 126.5 115 145 3424 341.0 -—-16.1 0.78 0.01 025 001 3 41.1 3.8
Piscis Austrinids pau 126.5 125 131 11.0 3479 =237 0.89 0.09 0.16 0.09 3 44.1 3.7
Southern Iota Aquariids sia 129.5 128 133 1.5 3329 —147 036 0.12 -0.14 0.07 3 30.5 3.1
Daytime Xi Orionids Xri 131.5 131 133 6.5 102.9 166 090 NA —-040 NA 3 45.4 4.2
Northern Delta Aquariids nda 138.5 128 155 19.7 3449 22 075 0.03 028 0.02 3 37.7 43
Perseids per 139.5 134 142 74.5 46.9 569 1.23 0.09 027 007 3 62.1 72
Northern Iota Aquariids nia 159.5 145 176 18.8  356.0 3.0 0.80 0.02 033 0.02 3 28.6 3.6
Daytime Kappa Leonids kle 182.5 171 193 21.7 161.5 154 055 0.02 -0.26 0.02 2 43.3 4.5
Daytime Sextantids dsx 186.5 174 194 61.9 1546 —-14 070 0.03 -0.51 0.01 3 31.84 33
Southern Taurids sta 196.5 172 218 49.9 31.0 8.0 0.82 0.01 029 0.01 4 27.92 3.7
October Draconids dra 195.5 195 195 244 261.7 54.8 0.00 0.00 0.00 0.00 2 19.7 2.3
Orionids ori 207.5 198 221 96.3 94.7 155 0.78 0.01 0.03 0.01 3 66.4 6.3
Northern Taurids nta 2245 207 235 21.9 533 21.0 0.88 0.01 0.19 0.02 3 28.1 2.9
Leonids leo 236.5 228 238 29.2 155.0 21.6 0.63 0.08 —0.27 0.06 2 69 6.8
November Orionids noo 2455 230 253 63.9 90.2 155 0.74 0.02 -0.06 0.01 3 43.5 3.9
Geminids gem 261.5 244 267 568.0 112.8 321 1.10 0.02 -0.17 0.02 3 35 3.8
December Monocerotids mon 261.5 252 264 21.3 102.6 81 0.63 003 -0.11 0.05 2 41.5 3.7
Ursids urs 270.5 270 270 395 2220 74.6  0.00 0.00 0.00 0.00 3 37.6 5.1
Sigma Serpentids sse 2755 261 279 26.0 2428 —-0.1 075 0.02 -0.14 0.03 4 42.67 4
January Leonids jle 282.5 280 284 37.6 148.3 239 0.66 0.11 -0.14 005 2 52.7 4.4
Omega Serpentids oms 2755 271 279 16.5 242.7 0.5 0.76 0.05 0.11 0.18 2 38.9 34
Quadrantids qua 283.5 279 285 2375  231.7 485 072 0.05 -055 023 3 42 4
Alpha Hydrids ahy 285.5 281 289 15.6 1276 =79 0.65 0.07 -0.17 0.06 4 43.6 39
Theta Coronae Borealids tcb 296.5 293 303 632 2323 358 0.70 0.16 —0.06 0.09 8 38.66 4.5
Lambda Bootids Ibo 295.5 285 297 344 219.6 432 088 0.08 —0.69 0.03 4 41.75 4.2
xi Coronae Borealids xcb 294.5 291 303 23.0 24438 31.1  0.69 0.09 -0.11 0.08 4 44.25 4.3
Alpha Antilids aan 315.5 299 320 30.7 162.7 —12.6 0.84 0.03 -036 0.03 4 44.75 43

The solar longitude of apparent activity maximum (Amax), the start and end solar longitude of activity as defined in the text (Apegin and Aend, respectively), the
relative wavelet coefficient at maximum (W, max) and the best fit probe size for the wavelet transform (amax) are shown for each shower.

As described in Section 4.2 we have also selected all me-
teoroid orbits in the core of the stream based on the position
of the wavelet maximum/velocity in each solar longitude bin.
While the radiant positions are well defined and agree with
literature values in most cases (see Section 6), the velocity at
the top of the atmosphere depends on the deceleration correc-
tion. The uncertainty in this correction is the main source of
error in our mean orbit determinations To provide some esti-
mate for this uncertainty, Table 6 shows the fit to each stream at
the time of maximum using values determined from linear re-
gression fits to all the orbital parameters and radiant positions
of individually determined stream orbits at the time of shower

maximum using our best fit deceleration correction. The orbit at
the time of maximum as determined using our measured, in—
atmosphere velocity (no deceleration correction) is also shown
as well as the orbit determine using the velocity derived from
the hybrid-Fresnel technique of Hocking (2000). The range in
orbital parameters between these values provides a guide to the
uncertainty of the measurements due to deceleration corrections
alone.

Finally, using the fit to all orbits (with deceleration correc-
tion) as a function of solar longitude, the change in orbital
parameters as a function of time (and associated error) were
computed for each shower. Fig. 10 shows an example of the
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Fig. 8. A single station (29.85 MHz) activity plot (top) for the KLE shower. The
radiant drift in right ascension (middle) and declination (bottom) are shown for
the activity period of the shower. The solid lines represent the linear fits to these
single station drifts.

change in orbital elements for a particular shower and asso-
ciated fits. All quoted radiant and orbital values in the tables
derived from these linear regression fits have been referenced
to the solar longitude of the peak of the shower.

6. Discussion

Of the 45 showers in our list, a dozen are previously un-
reported or unrecognized in the literature. From the remainder,
many have previously had only partial coverage of their activity
period and/or have had limited measurements of their physi-
cal properties in earlier surveys. This is particularly true of the
14 daytime showers which have (in some cases) only been de-
tected on one or two days of their activity by radar surveys made
decades ago.

The closest survey in scope and technique to our own is
that by Galligan and Baggaley (2002b) using the AMOR sys-
tem. AMOR is sensitive to particles more than 100 times less
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Fig. 9. A wavelet activity plot (top) for the DSX shower. The variations in
strength at 1 = 184°, 187° and 188° represent periods where data has been
missed due to downtime in one of 2002-2006. The associated drift in right
ascension (middle) and declination (bottom) are also shown.

massive than CMOR, so some intrinsic differences in quanti-
ties might be expected based on different evolutionary paths for
different sized populations, but the overall measured parameters
should be very similar. Note, in particular, that the AMOR de-
celeration corrections are quite different than those we employ
and may produce of order 1-2 km/s differences in the initial
geocentric velocity for the same data (see Fig. 4).

Of the six showers reported by Galligan and Baggaley
(2002b), all have been detected in our survey as well. Table 7
compares their measurements to our own. The agreement is
generally very good with essentially all the differences being
within one standard deviation of the measurements. The two
exceptions are the Eta Aquariids and Alpha Capricornids. Since
the Eta Aquariids are a high inclination, near parabolic stream,
the small difference in measured velocity (entirely ascribable to
differences in the deceleration correction used) accounts largely
for the variation in the elements between the two surveys.
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Table 5
Representative mean orbits based on location and timing of the shower wavelet peaks
TAU name Three letter a (AU) e g (AU) 0 (AU) i (degs) o (degs) £2 (degs)

code
April Lyrids lyr 222 0.9589 0.913 43.5 80.7 215.8 323
Daytime April Piscids aps 1.51 0.8309 0.256 2.8 4.7 50.1 24.7
Eta Aquariids eta 7.07 0.924 0.537 13.6 162.9 91.6 45.1
South Daytime May Arietids sma 1.51 0.8204 0.272 2.8 5.1 231.7 227.1
Northern Daytime Omega-Cetids noc 1.58 0.9256 0.118 3.1 342 33.1 45.1
Southern Daytime Omega-Cetids oce 1.72 0.9213 0.136 33 35.6 216.4 225.2
Daytime Arietids ari 2.02 0.9593 0.082 4.0 24.8 28.7 75.0
Daytime Zeta Perseids zpe 1.55 0.7841 0.335 2.8 3.8 58.4 75.0
Southern June Aquilids szc 1.12 0.9433 0.064 22 56.0 158.6 260.4
Daytime Lambda Taurids dlt 1.57 0.9337 0.104 3.0 23.2 210.8 1.7
Epsilon Perseids epr 4.55 0.9714 0.13 9.0 63.0 39.7 96.0
Daytime Beta Taurids bta 1.66 0.8042 0.325 3.0 3.6 238.3 277.0
Epsilon Pegasids epg 0.757 0.7711 0.173 1.3 55.4 334.9 105.2
Northern June Aquilids nzc 1.71 0.9356 0.11 3.3 39.4 327.7 101.3
Beta Equuleids beq 0.887 0.8164 0.163 1.6 49.7 330.3 106.2
Alpha Lacertids ala 1.089 0.0799 1.002 1.2 81.1 217.1 105.3
Psi Cassiopeids pca 2.14 0.5623 0.934 3.3 82.9 140.8 117.7
Alpha Capricornids cap 2.35 0.75 0.586 4.1 7.3 269.2 123.3
Southern Delta Aquariids sda 2.38 0.9726 0.065 4.7 30.9 153.9 306.2
Piscis Austrinids pau 3.12 0.9611 0.122 6.1 64.1 142.8 306.2
Southern Iota Aquariids sia 1.546 0.8587 0.218 29 5.3 134.3 309.1
Daytime Xi Orionids xri 7 0.9932 0.048 13.9 332 204.1 311.3
Northern Delta Aquariids nda 1.81 0.9464 0.097 3.5 24.1 329.3 138.6
Perseids per —6.4 1.15 0.963 inf 116.2 155.1 139.8
Northern Iota Aquariids nia 1.52 0.825 0.266 2.8 5.7 309.0 158.8
Daytime Kappa Leonids kle 5.92 0.9853 0.087 11.8 24.8 32.8 182.6
Daytime Sextantids dsx 1.27 0.855 0.184 2.4 20.7 219.6 2.6
Southern Taurids sta 1.67 0.8144 0.31 3.0 54 122.5 16.0
October Draconids dra 2.89 0.6561 0.995 4.8 30.3 171.9 196.6
Orionids ori 9.71 0.9385 0.597 18.8 163.6 80.1 27.0
Northern Taurids nta 2.06 0.8283 0.354 3.8 2.3 294.8 223.8
Leonids leo 4.22 0.7674 0.982 7.5 161.5 170.3 236.2
November Orionids noo 11.8 0.9917 0.098 23.6 26.6 144.1 65.1
Geminids gem 1.416 0.904 0.136 2.7 24.0 324.6 261.3
December Monocerotids mon 223 0.9913 0.194 44.0 344 127.9 81.3
Ursids urs —10.3 1.09 0.948 inf 57.3 201.6 270.8
Sigma Serpentids sse 1.92 0.9168 0.16 3.7 64.0 41.3 275.9
January Leonids jle 6.3 0.9913 0.055 12.6 109.3 333.7 282.0
Omega Serpentids oms 1.37 0.88 0.164 2.6 56.5 38.8 275.9
Quadrantids qua 3.7 0.7367 0.975 6.4 72.5 168.5 283.2
Alpha Hydrids ahy 12.7 0.9774 0.287 25.1 57.1 115.6 105.0
Theta Coronae Borealids tcb 1.108 0.1662 0.924 1.3 77.0 124.9 296.5
Lambda Bootids Ibo 1.49 0.3579 0.956 2.0 79.3 206.6 295.4
xi Coronae Borealids xcb 2.34 0.6509 0.817 3.9 79.6 124.7 294.5
Alpha Antilids aan 2.47 0.9443 0.138 4.8 63.5 140.5 135.5

The case of the Alpha Capricornids is less clear. Both sur-
veys suffer from small number statistics, but the difference
in radiant position, in particular in oy, is very large. Fig. 11
shows the radiant drift and in «g and 8, for the Alpha Capri-
cornids from our data as well as the location of maximum for
AMOR from Galligan and Baggaley (2002b) and from several
other literature sources. While &, is consistent to within a de-
gree between all literature values and CMOR/AMOR results,
the o, value from AMOR seems significantly different from
other sources and CMOR. It would seem probable that either
the AMOR measurements are less accurate than for the other
showers (perhaps due to small numbers of orbits in the means)
or the smaller particle sizes detected by AMOR have signifi-

cantly different orbits than the larger meteoroids detected by
CMOR/photographic/video data.

The location of all shower radiants at the time of their re-
spective maximum in Sun-centered coordinates (A — Ag, B) is
shown in Fig. 12. The location and size of the principle spo-
radic sources (Jones and Brown, 1993) are also given. It is clear
that the majority of showers (~90%) are associated with one of
the six major sporadic sources. This is suggestive that the dis-
persal of typical showers as seen at the Earth feeds the sporadic
sources. It may also hint that the typical orbits at the Earth pro-
duced by debris released from meteoroid parent objects through
encounter/orbital/evolutionary selection effects are confined to
the regions outlined by the sporadic sources.
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Shower orbits using deceleration corrected velocities (1st row) raw (observed) mean velocities (2nd row) and velocities determined from the hybrid-Fresnel technique

(3rd row) of Hocking (2000)

IAU name Three letter a (AU) e g (AU) 0 (AU) i (degs)  (degs) £2 (degs) Vg (km/s) Norbits
code

April Lyrids lyr 25.2 0.9637 0.915 49.4 80.4 215.4 325 47.1 26
6.8 0.8650 0.912 12.7 79.2 216.9 323 45.7
—287.0 1.0032 0.918 —574.9 81.1 214.3 323 47.8

Daytime April Piscids aps 1.5 0.8327 0.256 2.8 5.0 50.2 24.5 29.2 397
1.3 0.7900 0.280 2.4 45 50.7 24.8 26.7
1.4 0.8147 0.267 2.6 4.9 50.5 24.8 28.0

Eta Aquariids eta 5.7 0.9068 0.533 10.9 163.0 89.6 45.5 64.0 1784
2.8 0.8231 0.486 5.0 162.3 81.5 45.1 62.1
19.7 0.9713 0.564 38.8 163.2 96.0 45.1 65.7

South Daytime May Arietids sma 1.6 0.8183 0.286 2.9 5.4 233.7 226.5 28.2 583
1.3 0.7790  0.297 2.4 4.4 232.3 227.1 26.2
1.4 0.8028 0.285 2.6 4.9 2322 227.1 27.3

Northern Daytime Omega-Cetids noc 1.5 0.9216 0.115 2.8 35.7 32.0 45.5 36.6 1256
1.3 0.9016 0.131 2.5 29.9 334 45.1 34.5
1.5 0.9166 0.123 2.8 324 33.2 45.1 35.9

Southern Daytime Omega-Cetids oce 1.6 0.9197 0.132 3.2 354 215.4 225.5 36.8 837
1.5 0.8972 0.150 2.8 314 216.8 225.2 34.7
1.7 0.9154 0.140 32 34.1 216.7 225.2 36.3

Daytime Arietids ari 2.2 0.9597 0.088 4.3 25.1 29.8 74.5 39.3 2142
1.7 0.9430 0.096 33 214 30.0 75.0 37.2
2.1 0.9609 0.083 4.2 24.6 29.0 75.0 39.3

Daytime Zeta Perseids ape 1.6 0.7896 0.335 2.9 43 58.7 74.5 26.7 843
1.5 0.7628 0.349 2.6 3.7 58.9 75.0 25.5
1.7 0.8030 0.328 3.0 4.1 58.7 75.0 27.3

Southern June Aquilids szc 1.1 0.9400 0.065 2.1 57.0 158.7 260.5 384 65
1.0 0.9278 0.071 1.9 47.4 158.9 260.5 35.8
1.0 0.9278 0.071 1.9 474 158.9 260.5 35.8

Daytime lambda Taurids dlt 1.6 0.9316 0.108 3.1 23.5 211.5 265.5 36.5 406
1.4 0.9117 0.120 2.6 20.2 211.9 265.5 34.2
1.6 0.9317 0.107 3.0 22.8 211.2 265.5 36.2

Epsilon Perseids epr 39 0.9688 0.123 7.8 64.9 38.0 95.5 44.9 203
2.3 0.9468 0.124 4.5 56.9 36.4 95.5 42.1
29 0.9568 0.123 5.6 59.8 37.1 95.5 432

Daytime Beta Taurids bta 1.9 0.8117 0.357 3.4 3.6 243.3 273.5 27.5 288
1.8 0.7874 0.377 32 3.5 244.7 274.1 26.4
2.1 0.8244 0.361 3.7 3.6 244.7 274.1 28.2

Epsilon Pegasids epg 0.8 0.7664 0.176 1.3 55.1 334.4 85.5 29.8 62
0.7 0.7675 0.173 1.3 52.5 335.7 105.3 29.7
0.7 0.7675 0.173 1.3 52.5 335.7 105.3 29.7

Northern June Aquilids nzc 1.6 0.9306 0.110 3.1 40.0 327.4 101.5 38.2 1377
1.4 0.9158 0.121 2.8 34.4 327.4 101.4 36.2
1.6 0.9279 0.115 3.1 37.1 327.5 101.4 37.5

Beta Equuleids beq 0.9 0.8252 0.153 1.6 48.5 331.5 106.5 315 89
0.8 0.8065 0.159 1.5 452 332.8 106.2 29.6
0.8 0.8144 0.156 1.5 47.8 3324 106.2 30.5

alpha Lacertids ala 1.1 0.0791 0.981 1.1 81.8 240.2 105.5 39.0 66
1.0 0.0835 0.873 1.0 76.5 326.6 105.3 35.8
1.0 0.0777 0.885 1.0 76.8 323.4 105.3 36.0

Psi Cassiopeids pca 2.2 0.5710 0.949 3.5 83.1 143.9 117.5 442 175
1.5 0.4017 0.916 2.1 79.2 131.0 117.7 40.9
1.6 0.4297 0.921 2.3 80.0 1334 117.7 39.6

Alpha Capricornids cap 2.3 0.7501 0.583 4.1 7.2 269.6 123.5 222 145
2.2 0.7295 0.593 3.8 7.0 269.2 123.3 21.6
2.5 0.7720  0.579 45 7.5 269.2 123.3 22.8

Southern Delta Aquariids sda 2.3 0.9711 0.067 4.5 314 154.0 306.5 41.0 4722
1.8 0.9573 0.075 34 26.1 153.4 306.2 38.8
1.9 0.9636 0.071 3.8 28.2 153.6 306.2 39.8

Piscis Austrinids pau 4.7 0.9741 0.121 9.2 65.0 141.8 306.5 452 91
2.5 0.9513 0.120 4.8 61.3 144.0 306.2 429
2.5 0.9521 0.120 4.9 61.5 143.9 306.2 429
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TAU name Three letter a (AU) e g (AU) 0 (AU) i (degs) w (degs) §2 (degs) Vg (km/s) Norbits
code
Southern Iota Aquariids sia 1.8 0.8593 0.249 33 5.0 129.3 309.5 30.5 353
1.8 0.8603 0.245 33 4.7 129.8 309.1 28.3
1.5 0.8285 0.260 2.8 4.9 129.9 309.1 28.8
Daytime Xi Orionids Xri 4.0 0.9895 0.042 8.0 34.8 201.8 311.5 44.9 204
2.5 0.9792 0.052 4.9 27.5 203.4 311.3 422
3.0 0.9839 0.047 5.9 29.4 202.8 311.3 43.2
Northern Delta Aquariids nda 1.7 0.9452 0.092 33 25.2 330.9 138.5 37.5 460
1.5 0.9229 0.112 2.8 20.9 328.5 138.6 354
1.6 0.9324 0.107 3.0 22.0 328.7 138.6 37.3
Perseids per —6.0 1.1592 0.954 —-12.9 115.4 152.6 139.5 61.8 361
—106.5 1.0090 0.958 —214.0 115.2 153.1 139.8 60.4
61.2 0.9844 0.957 121.5 115.0 152.7 139.8 60.1
Northern Iota Aquariids nia 1.6 0.8238 0.280 2.9 5.5 307.1 159.5 28.5 509
1.4 0.7932 0.281 2.4 5.6 309.2 158.9 26.9
1.4 0.8094 0.274 2.6 5.8 309.0 158.9 27.7
Daytime Kappa Leonids kle 8.0 0.9885 0.092 15.9 25.6 33.8 182.5 43.6 208
33 0.9700 0.099 6.5 22.7 33.9 182.6 41.3
6.3 0.9861 0.088 12.5 25.7 33.1 182.6 43.4
Daytime Sextantids dsx 1.1 0.8603 0.147 2.0 23.2 212.2 6.5 31.5 556
1.0 0.8336 0.168 1.8 20.4 213.7 6.5 29.7
1.1 0.8558 0.153 2.0 22.1 213.2 6.5 31.2
Southern Taurids sta 1.7 0.8171 0.319 32 5.1 121.1 16.5 28.0 2684
1.6 0.7953 0.321 2.8 5.1 122.2 16.0 26.9
1.6 0.8064 0.314 2.9 5.2 122.4 16.0 27.5
October Draconids dra 3.0 0.6690 0.995 5.0 30.3 172.1 195.5 19.9 20
2.9 0.6624 0.995 4.9 30.2 172.1 195.6 19.8
3.1 0.6782 0.995 5.2 30.5 172.1 195.6 20.0
Orionids ori 9.1 0.9377 0.565 17.6 163.2 84.8 207.5 65.7 1297
32 0.8303 0.550 5.9 163.2 89.3 27.0 64.0
22.4 0.9728 0.610 44.2 164.0 77.6 27.0 67.0
Northern Taurids nta 2.1 0.8299 0.365 39 2.5 293.2 16.5 28.0 470
1.8 0.7995 0.364 33 2.1 295.1 223.8 26.9
1.9 0.8171 0.356 3.5 2.2 295.2 223.8 27.7
Leonids leo 3.7 0.7366 0.983 6.5 161.7 171.2 236.5 68.6 126
2.4 0.5883 0.981 3.8 161.2 168.1 236.2 66.9
11.9 0.9177 0.983 22.9 161.9 171.1 236.2 70.7
November Orionids noo 16.3 0.9935 0.106 32.5 26.6 142.5 65.5 434 1097
39 0.9715 0.095 7.7 23.6 143.3 65.1 41.0
5.7 0.9820 0.088 11.4 25.2 143.8 65.1 42.3
Geminids gem 1.4 0.8996 0.138 2.6 23.6 324.7 261.5 34.7 4384
1.2 0.8717 0.154 2.2 20.9 324.3 261.3 324
1.2 0.8805 0.148 2.3 21.7 324.5 261.3 33.0
December Monocerotids mon 21.2 0.9906 0.200 42.2 345 127.0 81.5 41.4 138
4.6 0.9558 0.203 9.0 31.2 128.6 81.3 39.0
7.7 0.9746 0.196 15.2 32.8 128.5 81.3 40.4
Ursids urs —11.7 1.0811 0.947 —24.3 57.5 202.1 270.5 37.4 71
—224.4 1.0042 0.948 —449.7 56.2 202.0 270.8 36.3
11.6 0.9180 0.947 222 54.9 202.8 270.8 34.9
Sigma Serpentids sse 2.0 0.9216 0.157 3.9 62.4 41.1 275.5 42.6 540
1.5 0.8942 0.157 2.8 57.8 38.7 275.9 39.9
1.8 0.9118 0.158 34 62.5 40.5 275.9 42.0
January Leonids jle 8.7 0.9939 0.053 17.4 105.3 333.9 282.5 52.5 138
3.0 0.7567 0.009 5.2 99.5 336.7 282.0 50.1
4.3 0.9877 0.053 8.5 104.5 334.8 282.0 51.6
Omega Serpentids ose 1.6 0.8999 0.156 3.0 56.8 38.8 275.5 40.0 60
1.2 0.8651 0.168 2.3 53.1 38.1 275.9 37.4
1.7 0.9034 0.165 3.2 62.7 41.1 275.9 41.6
Quadrantids qua 34 0.7179 0.973 5.9 72.7 167.1 283.5 42.0 881
2.5 0.6108 0.974 4.0 70.3 167.4 283.2 39.9
2.6 0.6243 0.974 4.2 70.6 167.5 283.2 40.2
Alpha Hydrids ahy 8.7 0.9677 0.282 17.2 58.5 116.9 105.5 43.6 193
4.5 0.9363 0.286 8.7 54.2 117.8 105.0 41.5
5.9 0.9513 0.286 11.5 55.4 117.1 105.0 42.6

(continued on next page)
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IAU name Three letter a (AU) e q (AU) 0 (AU) i (degs) o (degs) £2 (degs) Vg (km/s) Norbits
code

Theta Coronae Borealids tcb 1.1 0.2080 0.884 1.3 77.1 112.2 296.5 38.6 1123
1.0 0.1216 0.852 1.1 72.7 76.5 296.5 35.7
1.0 0.1232 0.880 1.1 74.0 92.1 296.5 36.5

Lambda Bootids Ibo 1.5 0.3680 0.952 2.1 79.0 208.8 295.5 41.6 354
1.2 0.2211 0.945 1.5 75.6 218.5 295.4 38.7
1.3 0.2539 0.949 1.6 76.7 214.1 295.4 39.5

xi Coronae Borealids xcb 2.6 0.6884 0.805 4.4 79.4 123.1 294.5 44.5 185
1.8 0.5500 0.797 2.7 76.9 117.7 294.5 41.9
1.8 0.5595 0.799 2.8 77.2 118.5 294.5 42.1

Alpha Antilids aan 2.6 0.9481 0.136 5.1 62.1 140.5 135.5 443 565
1.8 0.9251 0.138 3.5 58.1 142.3 135.5 41.9
1.9 0.9287 0.137 3.7 59.0 142.0 135.5 42.3

The orbits in all cases are found by least squares fitting to the orbital elements for all individually selected orbits as a function of solar longitude and are then
referenced to the solar longitude of the peak. The number of selected orbits for each shower is given in the last column (Ngppits ). Angular elements are all J2000.0.
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Fig. 10. The variation in orbital elements as a function of solar longitude for the MON shower. Each point represents one orbit selected according to the criteria
discussed in the text. The (assumed) linear fits to each orbital element are also shown.

Many showers have asteroidal-type orbits (based on a Tis-
serand value >3.0 for the mean stream orbit). However, as

emphasized by Wiegert (2007), this does not necessarily imply
asteroidal parent bodies. Small meteoroids in our size regime
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Table 7
Shower measurements made with AMOR as compared to CMOR
Shower Amax (deg) q (AU) e i (deg)  (deg) Vg (km/s) omax (deg) Smax (deg) Aa (deg) A (deg) amax (deg) Norb
CAP 122.3 0.550 0.768 7.7 273.3 23.4 306.7 -9.3 0.91 0.25 3 269
123.5 0.578 0.748 71 270.4 223 302.6 -10.4 0.66 0.27 2 145
SDA 127.2 0.067 0.966 30.8 154.5 40.2 340.4 —16.3 0.73 0.26 3 2413
126.5 0.068 0.970 311 153.6 40.9 341.7 —16.0 0.78 0.28 3 4722
AAN 313.1 0.143 0.92 64.3 141.9 42.7 162.1 —13.3 0.68 —0.16 3 327
3155 0.136 0.948 62.6 140.6 443 160.6 —-114 0.83 -0.37 4 565
OCE 45 0.133 0.916 37.1 214.9 36.5 19 -7 0.8 0.38 3 970
455 0.132 0.919 354 215.4 36.8 19.7 —-6.3 0.93 0.44 3 837
DSX 186.1 0.151 0.855 23.1 212.5 31.2 154.5 —1.5 0.84 —0.43 3 410
186.5 0.147 0.861 23 2123 31.5 153.8 -1 0.7 —0.51 3 556
ETA 454 0.55 0.939 1653 93.1 65.1 339.1 —1.5 0.73 0.31 2 942
455 0.533 0.907 163.0 89.6 64.0 338.1 —-0.8 0.69 0.33 2 1784

Parameters which show daily motion are corrected to the time of maximum as determined from AMOR data for ease of comparison. All angular elements are
J2000.0—symbols are defined in the text. AMOR data are given in the first row and CMOR (in bold) in the second row for each shower. Shower three letter codes

are given in Tables 3 and 4.

are subject to strong Poynting—Robertson drag effects which are
particularly pronounced for orbits with small g. In our sample,
more than 1/3rd of all streams have g < 0.15 AU—such mete-
oroids may begin in highly eccentric, relatively large orbits and
quickly lose energy over timescales less than one precession
cycle. This may account for the peculiar orbital characteris-
tics of many of the streams in our survey. It is likely many
of these streams are linked to recently deceased sungrazing
comets, sungrazers being a common end-state for comets with
q <2 AU (Bailey et al., 1992). These streams may therefore be
the “smoking” gun for many now defunct sungrazers and might
also suggest orbital elements for additional unrecognized sun-
grazing groups (cf. Sekanina and Chodas, 2005).

We find a total of 0.8% of all orbits identifiable with the core
of our streams as previously defined. Relaxing the association
to all meteoroids within 5° of a particular shower radiant loca-
tion (but still being having V, in the interval Vg pax &= 0g) we
find a more realistic estimate of the fraction of the meteoroid
population in streams at ~10~7 kg to be 3.4%. While subjec-
tive relaxation of other criteria (such as the velocity cut) may
raise this slightly further, it is clear that at these masses <10%
of the total population is in a recognizable stream. According
to Hughes (1990) sporadic meteoroids completely dominate the
flux at these sizes, in agreement with our findings.

Some additional notes related to specific showers:

Daytime April Piscids (APS). This shower has been linked
with the South Daytime May Arietids (SMA), as well as the
North (NIA) and South Iota Aquariids (SIA) by Wiegert (2007).
Each stream represents a different intersection point from a sin-
gle apsidally precessed original orbit. The proximity of the APS
to SMA radiants has led to confusion between the two in pre-
vious studies (e.g., Kronk, 1988, who recognized the potential
link to the NIA shower, but confuses the APS and SMA, which
last much longer).

Daytime Arietids (ARI). This strongest of the daylight
streams (and 5th most active of all streams in our analysis) was
previously analyzed by Campbell-Brown (2004) based on three
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Fig. 11. Radiant drift for the CAP shower. The open circles represent radiant
position measured from single station data while the open squares are the radi-
ant fits from the wavelet transform. The systematic shift in declination between
single station and wavelet measurements reflects the inclusion of zenithal at-
traction correction for the geocentric radiants for the latter. The individual solid
symbols represent the location of maximum for the shower. Abbreviations: GOO
(Galligan, 2000); J97 (Jopek and Froeschle, 1997); L71 (Lindblad, 1971); M06
(Molau, 2006); JO6 (Jenniskens, 2006); W56 (Wright et al., 1956); DO1 (Dutch
Meteor Society Photographic Orbits—Betlem et al., 1995); J99 (Jopek et al.,
1999); SH65 (Southworth and Hawkins, 1963).
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years of CMOR data. The out of atmosphere velocity found in
the first analysis (uncorrected for deceleration) was 37.6 km/s,
which compares favorably with our raw, observed velocity of
37.3 km/s based on just over twice as much data. The radiant
position in the original analysis was apparent as it was derived
from single station analysis, with a value for § several degrees
higher than our geocentric values, reflecting the lack of zenith
attraction correction. The stream is undoubtedly related to the
Marsden group of sungrazers as discussed recently by Sekanina
and Chodas (2005).

90

I
e

Fig. 12. Location of the radiant determined from wavelet analysis at the time
of maximum for each shower detected in the CMOR survey in Sun-centered
radiant coordinates. The location of the six major sporadic sources from Jones
and Brown (1993) is also given.
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Fig. 13. The wavelet coefficient measured at the Sun-centered radiant location
at the time of the peak of the EPG shower determined throughout the year.

Table 8
Literature linkages and details for the Southern June Aquilids (SZC)

Southern June Aquilids (SZC). This is among the weaker
showers detected in our survey. Previous literature has identi-
fied a number of radiants in the Sagittarius region at this time
of the year (cf. Rendtel et al., 1995; Kronk, 1988; Jenniskens,
2006). The literature references most consistent with a linkage
with the CMOR-measured stream are summarized in Table 8.
In particular, the recent video survey of Molau (2006) show this
shower with very nearly the same velocity and radiant loca-
tion as in the present survey. One possible explanation for the
paucity of literature references lies in the unusual mass distribu-
tion of CMOR observed meteors from this stream—the average
stream member is near +8, while most other streams and our
orbit dataset as a whole are one full magnitude brighter on av-
erage. This appears to be a real effect and suggests a strong pre-
ponderance of small particles in the shower. Though the shower
is weak in our data, we note that the deep southern declination
of the radiant means it has ~10 times less daily collecting area
coverage as a radiant near the north equatorial pole.

Epsilon Perseids (EPR). This is a newly recognized weak
shower occurring in late June/early July. The stream’s orbit is
almost identical to that of 96P/Machholz (Wiegert, 2007), dif-
fering only slightly in the argument of perihelion. This stream is
the newest and perhaps the youngest of the proposed Machholz
complex (Ohtsuka et al., 2003).

Epsilon Pegasids (EPG). This shower is also very weak, but
shows up clearly in wavelet analysis (Fig. 13). Molau (2006)
lists a probable detection of the stream near the peak of the
shower, quoting a radiant less than 3° from the CMOR radiant
position, though it is based on 9 video meteors only. The or-
bit is quite unusual—it is an Aten-type but with an inclination
of 55°. Again, the effects of Poynting—Robertson are likely at
work for this small-g stream (Wiegert, 2007) which probably
was released from a Jupiter Family comet. The large inclina-
tion suggests that the shower is not an artifact of unusually high
collision probabilities alone.

Northern June Aquilids (NZC). Though listed by Jenniskens
(2006) as the northern twin to the SZC, as identified here the in-
clinations and perihelia are sufficiently distinct to suggest they
are not related. This relatively strong stream has no obvious
immediate parent, but its small-q indicates fast evolution under
PR-drag generically suggestive of a Jupiter-family comet ori-
gin.

Alpha Lacertids (ALA). This stream is unusual for having a
nearly circular orbit with an a ~1 AU but high inclination. Both
Sekanina (1976) and Kashcheyev and Lebedinets (1967) record

Reference Amax ) a(®) 8(°) Vg (km/s) Aa

a(AU) e qg(AU) i(°) () £() Comments

Gartrell and Elford (1975) 79.7 297.8 =339 332

Weiss (1960) 80 304.8 —34.8

Molau (2006) 80 304 34 40.5

Molau (2006) 81 304 34 40.5

Molau (2006) 82 302.7 —28.5 342

Wavelet survey (CMOR) 80.5 304.7 -32.8 38.6 0.02 03
Individual orbits (CMOR)  80.5 305.2 —329 384

1.15 0.9 0.11 335 152 259 Based on 4 radar orbits

Based on 36 TV meteors
Based on 17 TV meteors
Based on 14 TV meteors
158.6  260.4
260.5

1.12 0.9 0.064 56.0

1.09 0.9 0.065 57.0 158.7 Based on 65 radar orbits

The final two rows show the fits using the wavelet peak positions and linear regression fit to all measured orbits from this work, respectively.
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this stream, albeit near the end of the activity period noted by
CMOR. This is one of a number of Torodial streams which
may owe their existence to very long dynamical residence times
and/or long collisional lifetimes (cf. Wiegert, 2007).

Piscis Austrinids (PAU). This shower has been the source of
much confusion in the literature, in no small part due to its close
proximity in radiant location and time of maximum with the
SDA. It is very weak in our data, particularly so in the wavelet
data, due to the proximity of the SDA radiant. We find radiant
locations 3°—4° north in § and ~5° larger in « as compared
to the values given in Kashcheyev and Lebedinets (1967) and
Ellyett and Roth (1955).

Northern and Southern Iota Aquariids (NIA/SIA). These
weak streams suffer significant confusion in the literature due
to proximity with the NDA and SDA radiants (cf. Kronk, 1988).
The complex of four radiants all lie within the antihelion spo-
radic source in a circular region less than 10° in radius and all
are active over similar time periods in July—August. They are
clearly separable in CMOR data as distinct radiants.

It is intriguing to note that the end of the SIA activity near
A = 150° is near the start of the STA activity visible first at
A = 165°. Projection of the linear radiant drift either of the SIA
forward or the STA backward from our measured values pro-
duces close overlaps with the other stream radiant. Using the
longer activity period of the STA and its fit projected back-
wards produces convincing overlap. Fig. 14 shows the single
station radiant location and linear fits for the SIA/STA. Drift
in the value of V, with solar longitude for the STA when pro-
jected to the time of the SIA maximum are within 1 km/s of
the observed SIA value. This is very suggestive of a link be-
tween the two showers—the 15 day interval with no apparent
activity is an artifact of our strict selection criteria. Visual ex-
amination of the single station radiant activity does show a very
weak shower persisting from the end of the SIA activity interval
to the beginning of the STA’s and connecting the two showers.
A similar correspondence exists between the NIA/NTA radi-
ants. That this has not been noted previously may be due to the
poor measurement of the radiant drift for the SIA/NIA com-
plex in earlier literature (cf. Rendtel et al., 1995). The literature
commonly refers to another strong shower in September (the
South & North Delta Piscids, SPI/NPI) as being active (cf.
Kronk, 1988), but this is in fact just the start of STA and end
of the NIA respectively. We suggest that earlier surveys did
not have sufficient continuous temporal coverage to distinguish
the NTA/STA and NPI/SPI, though a link was tentatively sug-
gested by Jenniskens (2006). We confirm the linkage, noting
that the NPI/SPI do not exist as distinct showers but are part of
the NIA/SIA and NTA/STA complex which itself is likely one
long-lived continuous shower. If this is correct, the Taurids be-
gin in late July and continue until late November as a single
shower, having precessional associations (as noted earlier) with
at least the APS and SMA also linked to the NIA/SIA and (by
extension) to the NTA and STA.

Perseids (PER). The average velocity measured for the Per-
seids by CMOR is in error, being ~2 km/s above the parabolic
limit. Some of this error is likely due to overcorrection for at-
mospheric deceleration; however the uncorrected time of flight
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Fig. 14. Radiant drift for the SIA (solid circles) and STA (open circles) from
single station data. The linear regression fit from the SIA drift is projected for-
ward for comparison to the location of the STA radiant.

velocity for the Perseids is also slightly hyperbolic. The average
velocity found using the hybrid-Fresnel oscillation technique
are below the hyperbolic limit suggesting an offset in TOF
velocities. Through simulations we have found that the main
source of error is due to the radiant geometry relative to one
of our outlying stations. The azimuth of the circumpolar Per-
seid radiant is aligned with the azimuth connecting the Gerber
outlying site to the main radar station over a major portion of
the maximum visibility of the stream given our radar response
function. We find from simulations that this produces a consis-
tent overestimate of ~1 km/s in the measured velocity.

Daytime Kappa Leonids (KLE). This shower is related via
apsidal precession to the November Orionids (NOO)—a con-
nection first suggested by Nilsson (1964)—and both (as well
as the December Monocerotids) are likely part of a complex re-
lated to Comet D1917 F1 (Mellish). Jenniskens (2006) suggests
this stream is the twin of the December Monocerotids, but this
association is not clear using the elements for both streams as
measured by CMOR.

October Draconids (DRA). This shower appears in our sur-
vey solely by virtue of the strength of the outburst in 2005 (cf.
Campbell-Brown et al., 2006). Activity in all other years is very
close to the background with no more than 1-2 Draconid or-
bits being recorded in any given “average” year. The geocentric
radiant and orbit for the 2005 Draconids given in Campbell-
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Brown et al. (2006) is in error due to a computational mistake
in the application of the zenith correction term; the values given
in this paper should be used instead.

November Orionids (NOO). This is one of the strongest
showers in the CMOR catalogue in the latter 1/3rd of the year
and is paired with the KLEs. It has been previously called
the Xi Orionids by Lindblad and Olsson-Steel (1990) who
noted extensive confusion in the literature between the Mono-
cerotids (MON) of December and the Xi Orionids (NOO).
Kronk (1988), after examining all the available literature to the
mid-1980’s, concluded that no strong evidence for two streams
exists, but rather suggested the MON constitute one diffuse
stream. We conclude here that this is incorrect and note that
a clear separation of two streams is visible in CMOR data.
The NOO are most prominent in radar surveys and we confirm
here the large difference in apparent activity between the NOO
and apparently much weaker (at CMOR masses) MON stream.
The small difference in velocity (2 km/s) and radiant position
(<10° during most of their activity period) of the MON and
NOO understandably have led to past mixups between the two
streams.

Ursids (URS). As with the Perseids, the unusual radiant
geometry relative to the line connecting the main radar site and
outlying stations has led to a systematically overestimated ve-
locity for the URS. This is further reflected in the difference
between the raw (uncorrected for deceleration) time of flight
velocity and the hybrid-Fresnel velocity measurements which
show a 1.5 km/s difference. The difference in velocity is just
sufficient to move the mean stream orbit from bound to un-
bound.

Sigma Serpentids (SSE). This new stream shows an extended
radiant area, with a maximum in probe size near 5°, among the
largest in our survey. The lack of earlier detections is undoubt-
edly a result of the time of maximum falling in late December,
when few of the early surveys were recording. The orbit sug-
gests a probable link with either JFC or HTCs, having under-
gone significant orbital evolution since ejection.

January Leonids (JLE). This newly recognized shower peaks
at nearly the same time as the Quadrantids and is remarkably
strong; it is the strongest shower occurring between the maxi-
mum times of the Quadrantids and Eta Aquariids based on our
single station data. Molau (2006) has also detected this stream
in single-station video data (his stream 86) with a radiant within
2° of our position and a velocity only ~1 km/s higher. The orbit
is characteristic of a sungrazing comet. The short duration of the
shower and its very tight radiant (wavelet probe size maximum
occurs at 1.4° indicating a Gaussian spread of <1°) consistent
with a very young shower. We suggest this stream may repre-
sent the decay products of a sungrazer which has perhaps only
recently begun to produce activity at the Earth. The apparent
mass distribution in the stream is strongly peaked between +6
and +7; it would be interesting to determine if larger particles
are also present in the stream or if it is exclusively rich in small
meteoroids. More observations are clearly needed of this new
shower.

Alpha Hydrids (AHY). This new shower also shows a pre-
ponderance of fainter meteors. It also appears to have been

detected by Molau (2006) (his shower 89) though the radiant
is more than 5° from our location and the velocity ~5 km/s
lower. As with JLE, this appears to be a stream associated with
a long period comet (though not a sungrazer).

Bootid—Coronae Borealid Complex. This complex of three
diffuse streams [Theta Coronae Borealids (TCB), Lambda
Bootids (LBO); xi Coronae Borealids (XCB)] is unusual in
several respects. It shows up obviously in single station data
as a broad, diffuse source lasting from A = 294°-303°, with
the three separate radiants detectable in the wavelet analy-
sis of individual radiants. The TCB are the only shower in
our list to show a peak probe size at >8°; the actual peak is
near 14° attesting to the broad nature of the radiant complex
and blending between the three stream centers. The TCB are
the strongest of these three radiants based on wavelet analysis
alone. Sekanina (1976) lists at least three radiants which ap-
pear to be linked with this complex (Theta Coronae Borealids,
Corona Borealids, and Lambda Bootids). All three radiants
have inclinations near 79° and the TCB have a ~1 and e < 0.2
with ¢ > 0.9. The high inclination alone rules out the com-
plex as simply an artifact of high collisional probability with
the Earth. The broad nature of the streams also suggests that
these showers represent a substantial component of the total
strength of the North Torodial sporadic source during the month
of January. Molau (2006) records activity from this complex
between A = 295°-298°. It is likely that this complex results
from the interplay between Poynting—Robertson drag and the
Kozai resonance as proposed by Wiegert (2007) starting from
an initial JFC-type parent orbit; the large radiant area may in-
dicate significant scattering, possibly from the Earth over long
timescales. Kronk (1988) lists a stream he calls the January
Bootids as active from a radiant within the Bootid—Coronae Bo-
realid complex, but the velocity he derives is much lower than
we measure for any of three component streams in the current
survey.

7. Conclusions

From our radar survey we have found 45 showers which
meet our selection criteria as real streams. Of this number, 12
are previously unrecognized or poorly characterized. We specif-
ically conclude that:

1. At CMOR masses (~10~7 kg) a minimum of 3.4% of
all detected meteoroids permitting orbit measurement are
found in streams established by our survey. A realistic es-
timate of the true total number of meteoroids in streams at
these masses based on our data is <10%. This emphasizes
that the majority of all meteoroids at these masses are spo-
radic.

2. A high proportion of our detected streams have very low g.
This may reflect in part a detection bias; low g meteoroids
may be thermally sintered and better able to ablate to lower
altitudes (thus avoiding initial radius attenuation). Addi-
tionally, low g streams are subject to fast orbital evolution
driven by radiation forces (as discussed by Wiegert, 2007),
potentially increasing the chances that a trail originally not
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intersecting the Earth evolves rapidly to Earth-intersection.
It is probable that many of these streams are linked to var-
ious sungrazing comet groups (cf. Sekanina and Chodas,
2005); precise linkages require more detailed investigation
of orbital evolution, but the measured stream orbital ele-
ments presented in this work should enable such studies.

3. The NIA/SIA and NTA/STA (and NPI/SPI showers in the
literature) are all linked and represent the same stream.
CMOR data shows a nearly continuous coherent contribu-
tion from the Taurid stream between July and November
each year. This further supports the contention of Whipple
(1967) and Porubcan and Stohl (1987) regarding the dom-
inance of the Taurid complex in connection with the spo-
radic background as a whole. We emphasize that these
streams are located in the antihelion source but show radi-
ant sizes much smaller than the AH source (cf. Campbell-
Brown, 2007).

4. Several streams show a substantial deficit of larger mete-
oroids, notably the NOO and SZC. These “radar” streams
are weak or non-existent in much of the literature due to
use of datasets often dominated by larger meteoroids. Our
magnitude distribution for these streams also shows a pro-
nounced skewness to smaller masses, quite distinct from
other streams. This would seem to indicate much steeper
than normal mass distribution indices, though this needs
confirmation through direct measurement, a topic of a fu-
ture work.

As additional orbits are added to the CMOR dataset we ex-
pect to detect weaker showers, some of which are clearly visible
in manual examination of the dataset (but just barely fail to
make our current selection criteria).
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