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Preface

All previous editions of the Handbook for Visual Me-
teor Observers (1995) and the Handbook for Meteor
Observers (first published in 2008) included informa-
tion about observing techniques and meteor show-
ers. The 1995 edition was written before the series
of Leonid outbursts. At that time, the series of Per-
seid peaks was still in progress. Next we recorded
the outbursts of the June-Bootids (1998), the a-
Monocerotids (1995) and the Aurigids (2007). The
2008 Handbook edition was just printed when the
September e-Perseids peaked, followed by interesting
displays of the Draconids in 2011 and 2012, again of
the September e-Perseids in 2013 and the recent ac-
tivity of the Camelopardalids associated with comet
209P /LINEAR on 2014 May 24. The 2008 Handbook
was reprinted twice, in 2009 and 2011, with updates
in the shower section particularly in the 2011 edition.
Since we will continuously find new results, this part
of the Handbook will need updates on a regular ba-
sis, of course, not replacing the well-known annual
Meteor Shower Calendar.

The shower descriptions always reflect the current
knowledge based on recent observations and their
analyses while the description of the observing tech-
niques changes only over longer timescales. Therefore
we now separated the contents into two parts: one de-
voted to the observing techniques and this Workbook
containing the shower information.

In the last decade, changes of the observing tech-
niques allowed us to tackle open questions which
were difficult to solve when the amount of data was
not sufficient. Comprehensive analyses of video data
improved our knowledge about minor sources and
outer regions of major showers. At the same time,
the TAU established a meteor shower data base and
shower designations became unambiguous. As a con-
sequence, the shower descriptions in the workbook in-
cludes the respective references and sources and will
be a quasi-periodic shower manual loosely correlated
with the three-year period of the official AU shower
nomenclature update.

Many people—as listed at the front page—helped
and contributed. Without their work this workbook
would not have been possible. T am particularly grate-
ful to David Asher for his contributions concerning
various subjects and his detailed comments. Rainer
Arlt worked on many shower data for the previous
edition which have been updated. Nevertheless, I felt
— during the process of writing the different chap-
ters — that things must remain incomplete. This is a
typical situation in science, as we summarize the cur-
rent knowledge as of today, knowing that projects and
publications are underway with exciting new results.
As in the previous editions of the Handbook, the ref-
erences were placed into the chapters and sections
rather than into a long list at the end of the book.
The data stored in the IMO’s Visual Meteor Data
Base, VMDB, covering more than 25 years now, were
used to calculate average activity profiles for most of
the showers. Results obtained from the fast growing
amount of video meteor data which are published in
the IMO Journal WGN on a regular basis added to
the provided information. For the first time, a chap-
ter on daytime showers is added. It is very likely that
further analyses of radar and radio forward scatter
data will require considerable modifications soon. I
look forward to see such new results of this less known
meteoroid population.

I hope that this workbook will encourage meteor
workers all over the world to further extend and im-
prove their work, to learn more about the phenomena
they are observing, and, above all, to participate in
the continually growing international efforts in me-
teor science. Consequently, the workbook will need
updates soon, but with the “two-part solution” we
may follow the increase of our knowledge about me-
teors quite closely.

Potsdam, Germany, July 2014

Jiirgen Rendtel






Foreword

Jérémie Vaubaillon

It is my pleasure and an honour to write a few words
for this “meteor shower workbook 2014”, for many rea-
sons. The first is, as a member of the international me-
teor organization, to take an active part in this world-
wide, long-lasting effort and enjoy as well as increase our
knowledge of the meteor showers in general. Second,
almost everything I know about meteor observation I
learned from the IMO members, during International
Meteor Conferences.

This book is the kind w will all refer to many times
during the year, in order to answer critical questions
such as: is my country best located for the observation
of the shower? If not where shall I go? What will be
the level of such showers this year? What are the main
scientific question to tackle? What can I do in order
to help participate to the scientific effort and to answer
those questions? What is the best observation strategy?
And so on.

The year 2014 will be rich in meteor events, as the
reader can discover in this book. In addition to ev-
erything mentioned here, we witnessed the birth of a
new meteor shower coming from comet 209P /LINEAR
(2004 CB) on the 24th May. Another major event is the
forecasted meteor “hurricane” at Mars on 19th October,
caused by comet C/2013 Al approaching the planet at
a very close distance.

I need to confess that I am always extremely surprised
and impressed by those observers spending many hours
in the dark, counting the meteors and keeping in mind
than they are participating to a world effort. Some
might not even witness a major outburst, but still, their
data is useful because it tells us about the overall activ-
ity of a given shower. As often in research, to observe
nothing is nevertheless a result in itself. But of course,
the most exciting comes from the observation of me-
teor outburst or just the regular shower, adding to the
overall already existing data recorded for decades now.

Unless a tremendous amount of time, energy and
money is spent, there is no way any professional will
ever gather the amount of data recorded by the Inter-
national Meteor Organization, thanks to all of the me-
teor enthusiasts around the world. Such a world and
continuous coverage is probably unique in the world of
astronomy, and the collaboration between profession-
als and amateurs is essential for science to keep going
on. In addition to the impressive quantity of data, now
available online with a few click, the quality assessments
provided by IMO members results in reliable data to be
directly used by anyone to conduct research and find
new features and new meteor showers. The diversity of

the observations demonstrate that anybody can partic-
ipate, depending on her/his motivation and means.

Last but not least, the live profile of a major shower
available directly on the IMO website is a tremendous
tool in order to know what is happening on the other
side of the world while it is still daylight at home, or,
on a more personal note, in order to quickly and effec-
tively verify that a meteor shower prediction is actually
correct (or not ...). I will always remember the night
of the 8th October 2011, after landing from the 2011
first European Draconids observation campaign, check-
ing online and discovering that the predicted peak ac-
tually occurred! It was such an immense relief!

For all these reasons, I cannot express enough my
gratitude you towards the IMO members and all the
observers around the planet, who patiently and contin-
uously participate to the world effort. To all of you, I
wish clear skies!






Chapter 1

Meteor showers: designation and

general information

1.1 Meteor shower descriptions

1.1.1 Shower designations

The first recognized radiants were named after the con-
stellation in which the radiant was situated. However,
in the 19th century, neither the borders of the constel-
lations were exactly defined nor even the constellations
themselves were fixed. Furthermore, during the period
of ‘radiant hunting’ a huge number of radiants needed
a designation. This led to the known nomenclature of
showers.

Recently, the TAU adopted a system of official me-
teor shower nomenclature (Jenniskens, 2006), keeping
in mind that during discovery the peak time and ra-
diant position are not always known precisely. The
general rule is that a meteor shower (and a meteoroid
stream) should be named after the then current constel-
lation that contains the radiant, specifically using the
possessive Latin form. The possessive Latin name for
the constellations end in one of seven declensions:

-ae (e.g., Lyrae),

-is (e.g., Leonis),

-1 (e.g., Ophiuchi),

-us (e.g., Doradus),

-ei (e.g., Equulei),

-ium (e.g., Piscium), or
-orum (e.g., Geminorum).

Customary is to replace the final suffix by ‘-id’, or plu-
ral ‘-ids’. Therefore, meteors from Aquarius (Aquarii)
are Aquariids, not Aquarids. An exception is made for
meteors from the constellation of Hydrus, which will be
called “Hydrusids”, in order not to confuse with mete-
ors from the constellation of Hydra.

When the constellation name has two parts, only the
second declension is to be replaced by ‘id’. Hence, mete-
ors from Canes Venatici (Canum Venaticorum) would
be ‘Canum Venaticids’. When two constellations are
grouped together, a bracket is used and both constella-
tion names will have ‘id’ — hence, Puppids-Velids.

If a higher precision is needed, then the shower is
named after the nearest (if in doubt: brightest) star
with a Greek letter assigned, as first introduced in the
Uranometria atlas by Johann Bayer (1603), or one with
a later introduced Roman letter. If in doubt, the radi-
ant position at the time of the peak of the shower (in

the year of discovery) should be taken. Hence, the me-
teors of comet C/1983 H1 IRAS-Araki-Alcock would be
named ‘np-Lyrids’.

Following existing custom, one may add the name of
the month to distinguish among showers from the same
constellation. In this case, one could call the shower
from comet IRAS-Araki-Alcock the ‘May Lyrids’, in
order to differentiate from the more familiar ‘April
Lyrids’.

For daytime showers (see Chapter 3), it is custom to
add ‘Daytime’, hence the name for the ‘Daytime Ari-
etids’ in June as opposed to the Arietids in October.

South and North refer to ‘branches’ of a shower south
and north of the ecliptic plane (strictly the orbital
plane of Jupiter), resulting from meteoroids of the same
(original) parent body. Because they have nearly the
same longitude of perihelion at a given solar longitude
(the argument of perihelion and longitude of ascending
node both differing by 180 degrees between South and
North), the two branches are active over about the same
time period.

If the meteoroid stream is encountered at the other
node, it is customary to speak of ‘twin showers’. The
Orionids and n-Aquariids are twin showers, even though
they represent dust deposited at different times and
now in quite different orbits. As a matter of custom,
twin showers and the north and south branches of a
stream carry different names. Meteor showers are not
to be named after their parent bodies (e.g., Giacobinids,
TRAS-Araki-Alcockids). The names of comets tend not
to be Latin, making the naming not unique. Also,
comet names can change when they get lost and are
recovered.

The Task Group for Meteor Shower Nomenclature
of the TAU Commission 22 will choose among possible
alternative proposed names for newly identified meteor
showers, in order to establish a unique name for each
meteor shower (e.g., n-Lyrids, not May Lyrids). This
should also make sure which shower /stream is described
or analysed.

The list of established meteor showers will also be
posted at the TAU Meteor Orbit Data Center website:
http://www.astro.sk/~ne/IAUMDC/. Additionally to
the shower name a number is given in the TAU database
which we include in our compilation. Hence a shower is
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unambiguously designated by the IAU number and code
plus the listed name. As an example, the list begins
with the a-Capricorninds (001 CAP).

Some constellations ‘disappeared’ when they were of-
ficially defined by the TAU in 1925 and 1927. The
most famous example is the Quadrans Muralis with the
strong shower named the Quadrantids.

The lack of exact constellation borders until their def-
inition also causes ‘wrong’ shower names. Applying the
rule given above, we should observe the Herculids in
April, not the Lyrids.

This effect becomes more obvious when individual
stars are used to distinguish several radiants:

Shower Distance to  Appropriate
the star at  shower name
ZHR max.

Southern §-Aquariids 2° 0-Aquariids

Northern §-Aquariids 13° k-Aquariids

Southern -Aquariids 3° t-Aquariids

Northern (-Aquariids 8° &-Aquariids

Therefore the shower names contain a ‘historical com-
ponent’, and surely a change of the names will cause
much more confusion than the further use of the tradi-
tional designations.

1.1.2 General remarks

Next, we will introduce the individual meteor showers
which are suitable for visual observations according to
the goal defined in the beginning of this Chapter. This
review is by no means complete and contains only a brief
summary of observed facts and theoretical research. A
more complete description of meteor streams in gen-
eral can be found in Jenniskens (2006). The aim of
this Chapter is to provide you with some background
information on meteoroid stream dynamics, evolution
and observational features. Reading this part of the
book will enable you to develop a clearer picture of a
meteoroid stream in the Solar System. The short his-
torical review should stimulate your observational ef-
forts to monitoring meteor shower activity. We hope to
use your observations to update further editions of this
publication!

1.1.3 On the data

The radiants given are derived from visual, photo-
graphic, video, and radar meteor observations. We add
information about the accuracy and peculiarities with
the individual shower descriptions.

Each radiant drifts about 1° per day eastwards. A de-
tailed explanation is given in Chapter 2 of the Meteor
Observers Handbook. The geocentric (this is practically
the observed) radiant of a meteor stream results from
the vectorial addition of the motion of the Earth and
the meteoroid. As both vectors change while the Earth
crosses the stream, the geocentric radiant changes as
well. This change is observed as a drift parallel to the
ecliptic, i.e., the ecliptic longitude A\ of the radiant po-
sition increases with time while the ecliptic latitude [

METEOR SHOWERS: DESIGNATION AND GENERAL INFORMATION

remains constant. For certain showers, a drift in 5 is
possible, but generally this component is of the order
of 10% of the drift in A only. This means radiants close
to one of the poles of the ecliptic seem to be nearly sta-
tionary while those near the ecliptic itself move consid-
erably. The concrete amount of the daily drift depends
on the orbit of the meteor stream and the geometri-
cal conditions of its intersection with the Earth’s orbit.
For a few showers, the radiant drift was determined
by photographic or video observations. In most cases,
these results were expressed in A« and Ad rather than
in AX and AS. While the latter expressions are linear
at any point of the sky, the former become non-linear
in certain regions.

Therefore, the given drifts Aa and Ad were converted
into AX and AgS for the date of maximum. Using the
drifts in ecliptic coordinates, the tables for the radiant
drift given in this Chapter were computed.

But there are some showers in the IMO Working List
for which the drift is not known. To obtain a character-
istic value of the drift in A, the observed values for show-
ers that are not too close to one of the ecliptic poles were
simply averaged. The average is A\ = 0°86 per day
with an empirical standard deviation of £0 13, the ex-
treme values being 0763 and 1°03. If no drift is given
in the characteristics of a shower in, the table of the ra-
diant drift was computed using AX = 0 °86 per day and
Ap = 0. For the radiant complexes of the Antihelion
source and the Puppid-Velids, the drift is overlayed by
the activity of subradiants. The centres of these com-
plexes are thus given according to the results of visual
or/and video observations without any additional com-
putations.

The enormous amount of data stored in the IMO’s
VMDB on a continuous basis from 1988 onwards al-
lows us to obtain information about all showers. This
includes the population index and the ZHR, but also
further data such as the mass index, fluxes and spa-
tial number densities, for both the annual returns and
the peculiarities of single outbursts or activity enhance-
ments. We provide an average ZHR profile calculated
from the 25 years of data for the annual (mean) re-
turns of the showers introduced in this Chapter. Over a
timespan of more than 25 years, we start to see effects
of shower evolution in some cases. The ZHR of most
showers does not vary greatly from one year to the next,
while outbursts or (quasi-)periodic appearance charac-
terize other showers. Hence our ZHR graphs represent
the average level. Each future observation contributes
to our knowledge. Surprises are always possible, such
as the September e-Perseids in 2008 and 2013 or the
Draconids in 2012—so be alert.



Chapter 2

Shower descriptions

2.1 Summary lists

In this Chapter we provide detailed information for a
selection of meteor showers. First, we provide two sum-
mary tables for the entire year. These are working lists,
and as the name indicates: the entries are up to date
for March 2014. New observations to which you are in-
vited to contribute, may lead to changes and updates
in a later edition of the compilation.

In Table 2.1 we provide the summary data for the
showers which are later described in more detail in
Chapter 2. The columns list:

Shower name including the IAU number and three-
letter code.

Activity period — the time for which reliable infor-
mation about the detectability exists.

Maximum given in Solar longitude for equinox
J2000.0; the date may vary by +1 day from year to
year.

Radiant at maximum in right ascension a and
declination 4.
entry-velocity V.,
velocity.

ZHR - the maximum level for an average return of
the shower.

i.e. the geocentric encounter

Table 2.2 summarizes the radiant positions of the
showers summarized in Table 2.1 in 5-day steps dur-
ing their activity period. For days between the given
dates, the values need to be linearly interpolated.

2.2 Shower data

For each of the described showers we provide synoptic
data at the beginning of the subsections. These include:
The solar longitude A\ refers to equinox J2000.0.
The date of maximum has to be computed for each
individual year. The dates given here are only approxi-
mate and may vary by +1 day. Detailed information for
individual years are provided through the IMO’s annual
Shower Calendar. When observing on other dates than
the maximum, please refer to Table 2.2 for the radiant
position.

The entry-velocity V. is the geocentric encounter ve-
locity augmented with the contribution of the accelera-
tion by the gravity of the Earth.

The population index r varies during the the activity

Table 2.3: Optimum radiant diameters to be assumed
for shower association of minor-shower meteors as a
function of the distance D between the radiant and the
meteor. Detailed explanations are given in Chapter 3
of the Handbook for Meteor Observers (Rendtel & Arlt,
2014)

Distance D Optimum diameter

15° 14°
30° 17°
50° 20°
70° 23°

period of each shower. Typical values are in the range
between r = 2.0 to 2.5 near shower maxima. Values in
this range should be used for tentative analyses; other-
wise r must be determined as a function of time before
any activity computation of a meteor shower. Details
are described in the sections for each shower.

The assumed radius (Table 2.3) to be considered for
shower association from visual observations is explained
in Chapter 3 of the Handbook for Meteor Observers
(Rendtel & Arlt, 2014). It is an attempt to compen-
sate the sporadic pollution and the loss of true shower
meteors due to errors in the perception of the meteor
trail direction (described for plotting errors). Conse-
quently, the given radiant extensions are mot the real
extensions but the extensions to apply for shower asso-
ciation of plotted meteors and which take into account
the plotting errors (Koschack, 1991).

The average orbits should allow some conclusion
about the behaviour of the showers and their relation
to other objects. If not noted otherwise, orbital ele-
ments of comets are taken from the 16th edition of the
‘Catalogue of Cometary Orbits’ (Marsden & Williams,
2005).

The figures of the radiant drift give the position
of the radiant for the activity period, which is also listed
in Table 2.2.

We also included a graph of the ZHR for many show-
ers included in the Working List. The data shown here
are a reference of the currently available information. It
does not mean that the figures are now definitely known.
It is the observer’s task to collect data which allow to
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Table 2.1: Working List of Meteor Showers.

Shower Code Activity period Maximum Radiant at max. V.  ZHR
- Ao date a 5 km/s
Antihelion source ANT Dec 10-Sep 10 - - see Table 2.2 30 (4)
ANT not observable during NTA/STA
Quadrantids 010 QUA Dec 28-Jan 12 283°16 Jan 03 230° +49° 41 120
a-Centaurids 102 ACE Jan 28-Feb 21 319°2  Feb 08 210° —59° 56 6
~-Normids 118 GNO Feb 25-Mar 28 353° Mar 13 239° —50° 56 4
Lyrids 006 LYR Apr 16-Apr 25 32932 Apr 22 271° +34° 49 18
m-Puppids 137 PPU  Apr 15-Apr 28 3395  Apr 23 110° —45° 18 var
n-Aquariids 031 ETA Apr 19-May 28 45°5  May 05 338° —01° 66 60
n-Lyrids 145 ELY May 03-May 12 48°4  May 08 287° +44° 44 3
June Bootids 170 JBO Jun 22-Jul 02 95°7  Jun 27 224° +48° 18 var
Piscis Austrinids 183 PAU Jul 15-Aug 10 125° Jul 27 341° -30° 35 4
Southern §-Aquariids 005 SDA  Jul 12-Aug 19 125° Jul 27 339° -—16° 41 15
a-Capricornids 001 CAP Jul 03-Aug 15 127° Jul 29 307° -—10° 23 4
Perseids 007 PER Jul 17-Aug 24 140°0  Aug 12 49° +58° 59 100
k-Cygnids 012 KCG Aug 03-Aug 25 145° Aug 17  286° +59° 25 3
Aurigids 206 AUR Aug 25-Sep 10 158°6  Aug 31  84° +42° 66 6
Sep. e-Perseids 208 SPE Sep 05-Sep 21 166°7  Sep 09  48° +40° 66 5
Draconids 009 DRA Oct 06-Oct 10 195°4  Oct 08 262° +57° 20 var
Southern Taurids 002 STA Sep 10-Nov 20 197° Oct 10  32° +09° 27 5
6-Aurigids 224 DAU Oct 10-Oct 18 198° Oct 12 84° +44° 67 2
e-Geminids 023 EGE Oct 14-Oct 27 205° Oct 18 102° +27° 70 3
Orionids 008 ORI Oct 01-Nov 10 208° Oct 21  95° +16° 66 22
Leonis Minorids 022 LMI Oct 17-Oct 27 211° Oct 24 162° +37° 62 2
Northern Taurids 017 NTA Oct 20-Dec 10 230° Nov 12 58° +422° 29 5
Leonids 013 LEO Nov 06-Nov 30 235927 Nov 17 152° +22° 71 var
a-Monocerotids 246 AMO Nov 15-Nov 25 239932 Nov 21 118° +01° 65 var
Phoenicids 254 PHO Nov 28-Dec 09 254°25 Dec 06  18° —53° 18 var
Puppid-Velids 301 PUP Dec 01-Dec 15 (255) Dec 06 123° —45° 40 10
Monocerotids 019 MON Nov 27-Dec 17 257° Dec 08 100° +08° 42 2
o-Hydrids 016 HYD Dec 03-Dec 15 260° Dec 11 127° +02° 58 3
Geminids 004 GEM Dec 07-Dec 17 262°2  Dec 13 112° +33° 35 120
Comae Berenicids 020 COM Dec 12-Dec 23 264° Dec 16 175° +18° 64 3
Dec. Leonis Minorids 032 DLM Dec 05-Feb 04 268° Dec 20 161° +30° 64 5

Ursids 015 URS Dec 17-Dec 26 270°7  Dec 22 217° 476° 33 10
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Table 2.2: Radiant positions during the year in « and 6.

Date ANT QUA DLM

Jan 0 112° +21° 228° +50° 172° +25°

Jan 5 | 117°  420° 231° +49° 176° +23°

Jan 10 122° +19° 234° +48° 180° +21°

Jan 15 127° +17° 185° +19°

Jan 20 132° +16° 189° +17°

Jan 25 | 138°  +15° 193°  +15° ACE

Jan 30 | 143° +413° 198°  +4+12°  200° —57°

Feb 5 | 149°  +11° 203°  +10° 208° —59°

Feb 10 | 154° +9° 214° —60°

Feb 15 | 159° +7° 220°  —62°

Feb 20 | 164° +5° 225° —63°

Feb 28 | 172° +2°

Mar 5 | 177° 0°

Mar 10 182° —2°

Mar 15 | 187° —4°

Mar 20 | 192° —6°

Mar 25 | 197° —7°

Mar 30 | 202° —9°

Apr 5 | 208° —11°

Apr 10 | 213° —13° LYR PPU

Apr 15 | 218° —15° 263° +34° 106° —44° ETA

Apr 20 | 222° —16° 269° +34° 109° —45°  323° —7°

Apr 25 | 227° —18° 274° 434° 111° —45°  328° —5°

Apr 30 232° —19° 332° —-3° ELY

May 05 | 237° —20° 337° —1°  283°  +44°

May 10 | 242° —21° 341° +1°  288°  444°

May 15 | 247° —22° 345° +3°  293°  445°

May 20 252° —22° 349° +5°

May 25 | 256°  —23° 353° +7°

May 30 | 262° —23°

Jun 5| 267° —23°

Jun 10 | 272° —23°

Jun 15 | 276° —23°

Jun 20 | 281° —23° JBO

Jun 25 | 286° —22° 223°  448°

Jun 30 | 291° —21° 225° 447° CAP

Jul 5 | 296° —20° 285°  —16° SDA

Jul 10 | 300° —19° PER 289°  —15° 325° —19° PAU

Jul 15 | 305° —18° 6°  +50° 294°  —14° 329° —19°  330° —34

Jul 20 | 310° —17° 11°  +52°  299° —12° 333° —18° 334° —33

Jul 25 | 315° —15° 22°  +453°  303° —11° 337° —17° 338° —31

Jul 30 | 319° —14° 29°  454°  307° —10° 340° —16° 343° —29 KCG

Aug 5 | 325°  —12° 37° 456°  313° —8°  345°  —14°  348° —27 283°  +58°

Aug 10 | 330° —10° 45°  457°  318° —6° 349° —13°  352° —26  284°  +58°

Aug 15 | 335° —8° 51°  +58° 352° —12° 285°  +59°

Aug 20 | 340° —7° 57°  +58° AUR 356°  —11° 286°  +59°

Aug 25 | 344° —5° 63°  +58° 85°  440° 288°  4+60°

Aug 30 | 349° —3° 90°  439° SPE 289°  +60°

Sep 5 | 355° —1° STA 96°  439° 43°  440°

Sep 10 0° +1° 12° +3°  102° +39° 48°  440°

Sep 15 15° +4° 53°  4+40°

Sep 20 18° +5° 59°  441°

Sep 25 21° +6°

Sep 30 25° +7° ORI

Oct 5 28° +8° 85°  +414° DAU DRA
Oct 10 EGE 32° +9° 88°  415° 82°  445° 262°  +54°
Oct 15 99°  427° 36° +11° NTA 91°  +415° 87°  443° LMI

Oct 20 104° +27° 40° +12° 38° +18° 94° +16° 92° +41° 158° +39°

Oct 25 | 109°  +427° 43°  413° 43°  419° 98°  +16° 163°  437°

Oct 30 47°  414° 47°  420° 101°  +16° 168°  +35°

Nov 5 52°  F15° 520 421° 105° +17° LEO

Nov 10 56°  +15° 56°  +22° 147° 424° AMO
Nov 15 60°  4+16°  61°  +23° 150°  +23° 112° 420
Nov 20 64°  4+16° 65°  424° 153°  421° 116° +1°
Nov 25 70°  +424° PHO 156°  420° PUP 120° 0°
Nov 30 ANT GEM 74° +24° 14° —52° 159° +19° 120° —45° 91° +8°
Dec 5 85°  423°  103° +33° 149° +37° 18° —53°  122° +3°  122° —45° 96° +8°
Dec 10 90°  423° 108° +33° 153°  +35° 22°  —53°  126° +2°  125°  —45°  100° +8°
Dec 15 96°  423° 113° 4+33° 157° 433° 174° +4+19° 130° +1° 128°  —45°  104° +8°
Dec 20 | 101° 423° 118° 432° 161° 431° 177°  418° HYD 217°  476° MON
Dec 25 | 106°  +422° QUA 166°  +28°  180° +16° 217° 474°

Dec 30 | 111° +421° 226° +50° 170° +26° COM URS

DLM

11
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calculate the values for each return. Moreover, changes
can often occur because of the evolution and perturba-
tion of meteoroid streams. The most striking examples
are the Orionid returns between 2006 and 2010.

We list references and further bibliographic infor-
mation for each of the described showers. This should
help to gather relevant papers easily.

Continuing observations and new analyses will extend
our knowledge and understanding of the meteor show-
ers. Hence, all lists and data compilations represent
the current status. Several ongoing studies will lead to
changes. Most positional data of meteor showers, their
radiants and meteoroid orbits are provided by video
and radar observations. Analyses based on such data
improve and perhaps change our view on the streams.
Some showers may be deleted from future compilations,
while others have to be added (see, for example, Mo-
lau (2007) or the subsequent monthly reports from the
video meteor network, regularly published in WGN).
Of course, we also try to keep the information provided
in the Handbook, the annual Meteor Shower Calendar
and on the IMO web pages consistent. Finally, we cross-
check the data with those provided by the IAU Meteor
Data Center.
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2.3. ANTIHELION SOURCE (ANT)

2.3 Antihelion Source (ANT)

Period January 1-September 24
November 26—December 31

Maximum none

Radiant see radiant ephemeris

ZHRpax ~3 r=30 Vi =30km/s

probably large variety of comets in
the ecliptic plane

Parent body

Throughout the entire year, we observe a diffuse
source of meteor activity from a point in the sky which
is located about opposite to the Sun. The activity is
variable over the months. The reason for this antihelion
source is the fact that a large number of minor bodies
move on orbits crossing the orbit of the Earth. Their
origin is in the asteroidal belt. The angle with which
they cross the orbit of the Earth is variable, but the ad-
dition to the motion of the Earth focuses the radiants
on a region near the antihelion point in the sky.

Radiant lists of the last century list a number of
individual showers most of which can be identified as
parts of the antihelion source. The IAU MDC database
http://www.ta3.sk/IAUC22DB/MDC2007/Roje/ also
lists all showers according to their discoveries. The
more prominent and to some extent already ‘combined’
radiants among these are:
d-Cancrids (095 DCA),

Virginids (050 VIR),

a-Scorpiids (055 ASC),

Scorpiid-Sagittariids (163 SAG),

Northern d-Aquariids (026 NDA),

Northern and Southern t-Aquariids (033 NTA, 003 STA),
Piscids (216 SPI) and

x-Orionids (014 XOR/256 ORN).

Naturally, there is a lot of overlap in radiant positions
and activity data which does not allow to clearly
distinguish between the possible sources. Since we
are looking for physical data of the showers, we
decided to list one continuous source, called Antihelion
Source (ANT) thoughout the year. For some time,
we had retained the §-Leonids (029 DLE) because of
their lower velocity as compared to the ANT average
(20 km/s versus 30 km/s), but the rates were found
below the detection limit for years. The a-Capricornids
(001 CAP) are distinguishable from the ANT by careful
consideration of direction and angular velocity infor-
mation (see page 28). More important, the Southern
and Northern Taurids (002 STA, 017 NTA) dominate
the antihelion activity between most of September
and mid-December so that visual observers should
associate all meteors from the ecliptic sources with only
the STA/NTA radiants (details in Section Taurids,
page 50).
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Table 3.1: Average ephemeris for the Antihelion Source
according to video meteor data of 1993-2004.

Date Ao « )
Dec 30 278212 110°8 21°3
Jan 05 284°49 117°2 20°1
Jan 10 289°59 122°3 1899
Jan 15 294°69 127°4 17°5
Jan 20 299°78 132°%5 16 °1
Jan 25 304986 137°6 14°5
Jan 30 309°94 142°7 1298
Feb 05 316203 148°8 10°7
Feb 10 321210 153°8 899
Feb 15 326°15 158?29 7°0
Feb 20 331920 163°9 591
Feb 25 336923 169°0 392
Feb 28 339924 172°0 2°0
Mar 05 344°26 177°0 0°
Mar 10 349926 182°0 —-1°8
Mar 15 354926 187°0 —3°?
Mar 20 359923 192°0 —526
Mar 25 4°19 196°9 —7°25
Mar 30 9°14 201°9 —-9°3
Apr 05 15206 207°8 —11°4
Apr 10 20°00 212°7 —13°1
Apr 15 24°88 217°6 —14°7
Apr 20 29°77 222°5 —16°2
Apr 25 34°64 227°4 —-17°6
Apr 30 39°50 232°2 —18°9
May 05 44°36 237°1 —20°0
May 10  49°20 241°9 —21°0
May 15 54°02 246°7 —21°9
May 20 58°84 2519 —22°5
May 25 63°65 256°4 —23°0
May 30 68°45 261°2 —23°4
Jun 05 74°20 266°9 —23°5
Jun 10 78°98 271°7 —23°4
Jun 15 83°76 276°5 —23°2
Jun 20 88°54 281°3 —22°7
Jun 25 93°30 286°0 —22°1
Jun 30 98°07 290°8 —21°3
Jul 05 102°84 295°6 —20°4
Jul 10 107961 300°3 —19°¢94
Jul 15 112938 305°1 —18°2
Jul 20 117°15 309°9 —16°8
Jul 25 121°92 314°6 —15°%4
Jul 30 126°70 319°4 —13°9
Aug 05 132°44 325°2 —12°0
Aug 10 137923 330°0 —10°3
Aug 15 142°03 334°8 —8°94
Aug 20 146°84 339°6 —6°8
Aug 25 151°65 344°4 —4°9
Aug 30 156°48 349°2 —3°1
Sep 05 162229 355°0 —-0°9
Sep 10 167°14 359°9 1°0
TAU break

Dec 10 257°76 90 °5 23°5
Dec 15 262°85 95°6 23°2
Dec 20 267°93 100°6 22°8
Dec 25 273°02 105°7 22°2
Dec 30 278212 110°8 21°3
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2.4 Quadrantids (010 QUA)

2.4.1 Synopsis

Period December 28 — January 12
Maximum Ao = 283°16 (=~ January 3)
Radiant a=230° §=+449°
ZHRpax =120 r=2.1 Voo =41 km/s

Parent body stream belongs to complex with
Southern d-Aquariids and a number

of asteroids and comets

Average orbital elements
of the stream and 96P /Machholz 1:

Q w i e q a P

QUA-stream, Lindblad (1971), phot.
28294 171°1 71?9 0.677 0.98lau 3.037au 5.3yr

96P /Machholz 1 (2007)

94°55 14°62 59°950.959 0.125au 3.0au
2003 EH; (Wiegert & Brown, 2005)

282°903871 °3680 °798).6188 1.1924au3.1277au

5.2yr

The Quadrantids are effectively observable only from
the northern hemisphere (Figure 2.1). The activity is
comparable to that of the Perseids and Geminids (Fig-
ure 2.2). Although the northern winter nights are long,
only the second half of the night provides suitable radi-
ant heights. The radiant reaches its lowest point around
20"ocal time. At a geographical latitude of 50° N, the
radiant climbs above 20° elevation at 0"10™ local time,
while that will happen at 2"20™ local at a latitude of
30°N. If you observe before midnight, the number of
Quadrantids seen may remain very low, even if you cor-
rectly picked the time of maximum activity.

The shower peak is of relatively short duration.
The full width between half-maximum ZHRs is about
14 hours. The narrow peak makes it probable that one
observer will miss the maximum. If, for example, the
peak occurs at about 15" UT, most parts of Europe are
in daylight. This moment corresponds to 10"-11" lo-
cal time on North America’s east coast, and to about
7" local time on the west coast, so the peak will occur in
daylight from there, too. For Japan, this would corre-
spond to approximately 23" local time which is 3 hours
after the radiant reaches its lowest point, and when it is
at less than 5° elevation. For Asia and Eastern Europe,
the period would also mark the time when the radi-
ant is at its lowest point. As a result, in this scenario,
only observers in Alaska and on Pacific Islands would
see the maximum under good conditions. The case we
have constructed here is the worst that can happen, yet
one thing becomes clear. It is impossible to perform
a meaningful analysis of the shower based on observa-
tional data from just one location. The compilation of
global data is essential for the study of the Quadran-
tids. A low activity detected from video, visual and
radar data begins already on December 28 and extends
until January 10 (Molau, 2007).
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Figure 2.1: Radiant drift of the Quadrantids.
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Figure 2.2: ZHR profile of the Quadrantids calculated
from visual observations stored in the VMDB covering
the period 1988-2008 using the r-profile shown in Fig-
ure 2.4. Details near the peak are shown in Figure 2.3.

The activity of the Quadrantids changes rapidly dur-
ing one night (Figure 2.3), as does the brightness
distribution of the meteors (Figure 2.4). Observing
reports from the Quadrantid maximum should be
broken down into periods of no more than 15 min-
utes. The same holds for the magnitude distribu-
tions, regardless of how small the number of meteors
in each bin is.

2.4.2 Research

The first paper on the orbital evolution of the Quadran-
tids was published by Hamid & Youssef (1963). They
found that the orbit was similar to the present one some
4000 years ago, underwent severe changes in the pe-
riod in between and returned to about the current or-
bit again. Wu & Williams (1992) took advantage of the
improved computing capabilities to study the long-term
evolution of Quadrantid orbits taken from the Meteor
Catalogue of the IAU, which comprise about 69 000 pho-
tographic and radar meteoroid orbits. They integrated

290
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Figure 2.3: ZHR in the maximum period, averaged over
the period 1988-2008 as the mean ZHR profile (Fig-
ure 2.2). The cross section of the Earth through the
stream varies significantly from one encounter to an-
other. The double peak is not a true feature. The width
of the peak indicates the range (in solar longitude) of
the peaks observed in the 19882008 period.
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Figure 2.4: Profile of the population index r around the
Quadrantid activity maximum in 1992 (Rendtel et al.,
1993). Before 282 °0 and after 284 °0 we find r =~ 3.0.

the motion of 118 meteoroids back in time to 5000 BC,
that is, almost 7000 years. Five subsets of orbits can be
distinguished. Three of them show periodically chang-
ing orbital elements. The fourth shows a steady change
and the fifth class appears to produce chaotic results.
The first subset, containing 21 meteors seems to repre-
sent the above orbital evolution estimated by Hamid &
Youssef. Even a very long integration over 26 000 years
did not show a similarity between the mean orbits of
each of the three first subsets at a certain time in the
past. Hence, the computations did not indicate a com-
mon origin and ejection time of these Quadrantid par-
ticles.

Surprisingly, the orbital evolution of Comet
96P/Machholz 1 is very similar to the evolution
of the Quadrantid orbits (McIntosh, 1990). The comet
changes its orbital elements periodically with a 4 000-
year period. At present, it has a similar orbit to that of
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the Quadrantids between AD 0 and 500. The evolution
is thus similar to that of the first subset in the paper
of Wu & Williams but shifted by roughly 2000 years.
96P /Machholz 1 was suggested to be the parent of the
Quadrantids first by Zausaev & Pushkarev (1989).

A further step in understanding the structure of the
Quadrantids and their related objects was proposed by
Babadzhanov & Obrubov (1993). They confirmed the
same behaviour of orbital evolution for eight meteoroid
streams. The most prominent of them are the South-
ern 0-Aquariids (see page 30) and the daytime Arietids,
a prolific radio meteor shower in June. The above-
mentioned paper of McIntosh (1990) indeed showed
close orbits for the Quadrantids, the d-Aquariids, the
daytime Arietids and comet 96P/Machholz 1 between
AD 0 and 500.

A second comet has been suggested to be the par-
ent object of the Quadrantids (Hasegawa, 1979). The
orbital evolution of Comet 1491 I (now designated
C/1490 Y1) was subsequently investigated by Williams
& Wu (1993). The Comet was on an orbit similar to
that of the Quadrantids until around AD 1650 when it
underwent a severe perturbation by Jupiter kicking the
comet on an orbit with an aphelion of more than 20 au.
It is not visible from the Earth anymore. The Comet’s
orbit was integrated backwards to 3000 BC. A group
of 50 particles were assumed to be ejected at that time
from the modelled position of the comet and simulated
to move through the Solar System until AD 1954. The
result was a mean theoretical orbit of the Quadrantids
which resembled the observed orbit well. The scatter
in the simulated meteoroid orbits was, however, very
large.

It was not possible to say which comet is the par-
ent of any of the mentioned meteoroid streams until
Jenniskens & Marsden (2003) showed the similarity of
the orbits of the minor planet 196256 (2003 EH;) and
those of the Quadrantids. Numerical simulations of par-
ticles released from the asteroid indicates that the ma-
terial of the densest part of the stream was ejected near
1800 (Wiegert & Brown 2005). The computations even
seem to show that it was a single, major perihelion out-
burst of the parent which made the Quadrantids a ma-
jor shower observed since 1835. The Solar longitude of
the Quadrantids slowly shifts to an earlier position, the
rate of change being about —0.34 degrees per century
(Wiegert & Brown, 2004).

In two recent papers the complex formed of
96P /Machholz1 and 196256 (2003 EH;) is analysed.
Neslusan, Kanuchovd and Tomko (2013) studied the
meteor shower complex of 96P and Neslusan, Haj-
dukovd and Jakubik (2013) studied the structure of
the meteoroid particle complexes released from 196256
(2003 EH;). The latter paper also investigates the re-
lationship to 96P/Machholz1. The model calculations
confirm the filamentary structure of the complex. It is
found that the 196256 complex is qualitatively identical
to the complex of 96P. As already pointed out above,
the complex includes six well-established and two mi-
nor filaments approaching the Earth’s orbit. Four well-
known showers (Daytime Arietids 171 ARI), Southern
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Figure 2.5: Cross sections of the Quadrantid meteoroid stream modelled by Vaubaillon.

niskens, 2006, with kind permission).

0-Aquariids (005 SDA), Quadrantids (010 QUA), and
Northern d-Aquariids (026 NDA, in our compilation be-
ing a part of the complex Antihelion Source and are thus
not mentioned separately). The modelled filaments cor-
responding to the Daytime Arietids and Northern and
Southern d-Aquariids constitute the ecliptical compo-
nent, and those corresponding to the Quadrantids and
their southern counterpart (to be detected) constitute
the toroidal component of the complex.

Modelling of the meteoroid distribution in the Quad-
rantid stream by Vaubaillon yielded different density
distributions along the annual passages of the Earth
through the stream (Figure 2.5).

We observe a number of comets and streams which
change their orbital elements periodically in the same
range. The phase of evolution of each object is shifted
against the other components, whence they appear on
very different orbits at the present time, and the asso-
ciated meteoroid streams show up at different radiant
positions and times of the year. But they all appear
to belong to one complex of interplanetary matter con-
trolled by Jupiter.

Recent double-station video observations of Quadran-
tid meteors (Koten et al., 2006) show that the Quad-
rantid meteoroids are similar to other meteor showers
of cometary origin in some aspects, but to the Gemi-
nids in others. The intermediate beginning heights of
the Quadrantids, their near-independence of beginning
heights on mass and the total intensity of Na in spectra
show that these meteoroids have suffered a partial loss
of volatiles and in this respect must be situated between
the Geminids and the Leonids. Orbital evolution mod-
elling indicates that the meteoroids were never closer

(Graphics from Jen-

to the Sun than 0.6 au, which is insufficient for the ob-
served loss of volatiles. Koten et al. propose that the
parent 2003 EH; is a dormant comet, and that the me-
teoroids were probably ejected from the surface layers.
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2.5 «a-Centaurids (102 ACE)

2.5.1 Synopsis

Period January 28-February 21
Maximum Ao = 319 °2 (= February 7)
Radiant a=210° 6= —-59°

ZHRyax =6 7 =3.0 Voo = 56 km/s
Parent body unknown

Average orbital elements of the stream:

Q w i e q a P

ACE-stream, Kronk (1988), phot.

13995 35793 108°3 1.0 0.99au oo -
ACE-stream, Gartrell & Elford (1975), radar

146° 344° 105°0 0.61 0.97au 2.5au 3.9yr

Meteors of this shower can only be observed from
the southern hemisphere (Figure 2.7). For most of its
activity period, the shower provides 1 to 3 meteors per
hour, but around maximum, rates may rise up to 5. Oc-
casionally, enhanced a-Centaurid rates were observed.
Such enhancements were short-lived, lasting no more
than two or three hours.

Hoffmeister (1948) listed a radiant near the a-
Centaurids with a rather low reliability, derived from his
observations in southern Africa during the mid 1930s.
He did not think it significant enough to include in
his lists of southern hemisphere streams. Following the
1930s’ observations no further record of the shower oc-
curs until the early 1970s when Morgan (New Zealand),
Skelsey (Sydney, Australia) and Buhagiar (Perth, Aus-
tralia) detected it again. All their records indicated
that the shower was producing 4 to 5 meteors per hour
at maximum, and that the shower was rich in bright
meteors.

The first observation was made on 1974 February 8-9:
Buhagiar and Skelsey recorded some 12-15 meteors per
hour. Following this display, regular watches were main-
tained on the a-Centaurids every year, but it was not
until 1980 that an enhanced display was noted again.
In the early evening hours of February 8-9, the people
of Western Australia were able to witness a very short,
spectacular display from this stream (Kronk, 1988). At
the time, three experienced observers were out moni-
toring the sky, and it was largely due to their diligence
that an accurate picture of the display was obtained.
Glen Blencowe, Neil Freckelton and Craig Willoughby
from Australia recorded 14, 11 and 9 meteors per hour,
respectively, from 12"10™ to 13"10™ UT in dark skies.
As this was just after twilight, it is impossible to tell
how long the display had been going on during day-
light hours. However, after just the one hour, the rates
dropped off markedly, until only a couple of meteors per
hour were recorded.

The data stored in the IMO’s VMDB produce the
ZHR profile shown in Figure 2.6 with a maximum of
about 6 near Ay = 319°. The graph considers all data
from 1988 to 2007 with the radiant more than 20° above
the horizon and a standard ZHR correction.
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Figure 2.6: Activity of the a-Centaurids derived from
visual observations stored in the VMDB covering the
period 1988-2007 using a constant r = 2.0 over the
activity period.
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Figure 2.7: Radiant drift of the a-Centaurids.
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2.6 ~y-Normids (118 GNO)

2.6.1 Synopsis

Period February 25-March 22
Maximum Ao = 353° (~ March 13)
Radiant a=239° §=-51°
ZHRpox =4 r=24 Voo = 56 km/s
Parent body unknown

Only little information is available for this south-
ern shower. The earliest reference is an analysis of
Australian radar data (Gartrell & Elford, 1975). The
radiant and activity period in the optical region are
poorly documented. An analysis of 2005 data (Trigo-
Rodriguez et al., 2005) shows a maximum close to
Ao = 350°, i.e., about three days before the previously
assumed time. Rates seem to vary slightly from one
year to the next with peak ZHRs reported between 2
and 6 with a probable median ZHR of 2-3. An anal-
ysis of the entire data set stored in the VMDB shows
a smooth profile (Figure 2.9). All rates shown here are
calculated with a population index r = 2.4 and a zenith
coefficient v = 1.0.

In a systematic search among video meteors recorded
from three Australian camera stations (Molau & Kerr,
2014) between 2001 and 2012 the shower is not clearly
detected. Similar to the situation described above, the
video analysis yields a shower between March 23 and 28.
The reference longitude is about 11° later in the recent
video data (353° for the entry in the meteor database,
4° for the new analysis). While the declination of the
radiant fits well, the right ascension is about 15° dis-
tant. The result obtained already in an earlier analysis
from two cameras of the video network is shown in Fig-
ure 2.8. It fits the radiant derived from two data sets
of visual plotting observations (Arlt & Rendtel, 2006).
However, the currently available positional data are not
yet sufficient for final conclusions about the reliability
of the radiant and the activity of a shower at that po-
sition.

Further, the orbital databases do not supply support
for this minor shower which makes it the weakest can-
didate in the shower list. However, we leave it in our
Working List with the urgent request for detailed ob-
servations. The radiant position shown in Figure 2.6 is
fitted with the location derived from the recent video
and visual data.
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Figure 2.8: Radiant area of the y-Normids from video
observations.
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Figure 2.9: Activity of the v-Normids from visual obser-
vations stored in the VMDB covering the period 1988
2007 using a constant r = 2.4 over the activity period.
The zenith correction included the standard sine term
(no zenith coefficient v > 1.0) and allowed only inter-
vals with a radiant elevation of > 20°.
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2.7 Lyrids (006 LYR)

2.7.1 Synopsis

Period April 16-25

Maximum Ao = 322932 (~ April 22)
Radiant a=27124 6 =+33%6
ZHRpax =18 r=2.1 Voo =49 km/s

Parent body ~ Comet C/1861 G1 (Thatcher)

Average orbital elements
of the stream and C/1861 G1:

Q w i e q a P

LYR, Lindblad (1987)

31°7 21493 79°0 0.968 0.919au 28au  164yr
C/1861 G1
31°87 213°4 79°8 0.983 0.92lau 55au  415yr

During the evening hours, the radiant (Figure 2.10)
will be found low on the horizon in northern latitudes
and even below the horizon at more southerly latitudes.
It is more favourably placed in the second part of the
night. The radiant is positioned near x Lyrae, between
Lyra and Hercules, and not near Vega (« Lyrae) as is
sometimes assumed.

Rates will stay rather low over most of the time, as
the Lyrids are effectively a minor shower of moderate
activity before and after their maximum. Only during
the short maximum do Lyrids attract attention with 15
to 20 Lyrids an hour. The maximum activity can thus
be easily missed, and observers may tend to conclude
that Lyrid production was very low.

The Lyrid shower is the oldest meteor shower to be
found in ancient records. It was first observed and
recorded in China more than 2000 years ago. Obser-
vations of high meteor activity in 687 BC, 15 BC were
associated with the Lyrid shower by Zhuang (1977).
Dall’Olmo (1978) linked observations in 1040, 1096,
1122 and 1123 to the Lyrids. In 1803, the Lyrids pro-
vided a spectacular display when a single observer noted
167 meteors in 15 minutes (Fisher, 1931)! This out-
burst happened almost 60 years before the parent comet
reached its perihelion. However, the Lyrids were not
recognized as an annual shower until 1835, by Arago
(Quételet, 1861). In most years, the hourly rates were
low, sometimes with the maximum rates concentrated
in a narrow peak in several years, but apparently with-
out any obvious periodicity.

Another remarkable Lyrid return was witnessed in
1982 from North America (Adams, 1982; Spalding,
1982). European observers recorded a low activity dur-
ing their nighttime on April 22. Shortly thereafter
American observers recorded 3 to 5 Lyrids per minute.
This exceptional rate lasted only one hour. Counting
Lyrids over five minute intervals showed a spike-like
peak at around 6"50™ UT in the hourly rate profile,
corresponding to a ZHR of 90.
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Figure 2.10: Radiant drift of the Lyrids.

2.7.2 Research

Recent studies of the Lyrid activity and population in-
dex were presented by Dubietis & Arlt (2001) and Rend-
tel & Arlt (2007). The population index is very typi-
cally between r = 2.0 and 2.2 during the day near the
maximum. We obtained maximum ZHR-averages be-
tween 14 and 23 (a very low average ZHR of 12 for
the poorly defined profile of 1990; the peak time seems
missing in the data, and we do not consider that year’s
results for our conclusions). Typical full widths at half
maximum lie between 1°1 and 1 4. The regular max-
imum of the Lyrids thus covers more than one day.
The striking exceptions are 1993 (sharp peak) and 2000
(broad maximum). Those years coincide with the high-
est maximum ZHR and the second-lowest ZHR, respec-
tively.

No systematic trend of ZHRs and peak width is
found, and we conclude that the Lyrids exhibit a fairly
stable annual activity profile of ZHRs 1520, at solar
longitudes 32 20532 °45. The shower parameter which
suffers from strongest variations is the FWHM ranging
from well over half a day to 2.5 days.

Brief summaries of recent publications:

Arter & Williams (1997a) find a ring structure for the
Lyrid nodal distribution, in which the Lyrid filament
moves around with a &~ 12-yr period.

Arter & Williams (1997b) investigated the mean
Lyrid orbit. From measured Poynting-Robertson effect
they deduce an age of 1.5 x 109 years.

From the prominence of a ring structure and the num-
ber of Lyrids present when the Comet is at aphelion,
an upper and lower limit of the ejection velocity of 25—
150 m/s is determined by Arter & Williams (2002).

Enhanced activity is predicted from model calcu-
lations of Lyytinen & Jenniskens (2003). The ex-
pected peaks are due on 2040 April 22, 00"25™ UT,
—0.00022 AU, and 2041 April 22, 08"40™ UT,
—0.00025 AU. Both should be composed mainly of faint
meteors.



2.7. LYRIDS (006 LYR)

21

Table 2.4: Overview of results obtained for the Lyrid meteor shower from 1988 to 2013. The quantity of 7(ma%) ig
an estimate of the population index near the activity maximum. N,ps is the number of observing periods defining
the peak time and activity level; it is not the total number of observations in the respective activity graph.

Year r(max) ZHRpax A (J2000.0) Ngs Gaps and comments
1988 2.2+0.1 21.3+2.8 32°3 7 None
1990 234+0.1 (12.5+1.4) (32°1) 6 32°921-32°46
1991/92 (2.2+0.2) 16.4+2.1 32°0 10 Combined
1993 21+0.1 2294+1.6 32°35 15 None
1994 20+0.1 17.3+1.3 32°1 11 32°022-32°44
1995 2.2+0.1 14.0 £ 0.6 32945 75 32°06-32°30
1996 2.0+0.1 178+ 1.5 32°94 15 None
1997 26+04 - - - -
1998 21+0.1 18.2+2.5 3294 7 None
1999 20+0.1 20.8+2.3 32°15 15 31°9-32°1
2000 23+0.1 15.6 £ 1.6 32°05 28  None; full moon
2003 2.2 19.0 £2.0 32932 Constant, r
2006 2.2 19.8 £3.5 32928 29  Full moon; constant r
2007 22+0.1 2044+1.1 32°31 47  31°85-32°15
2009 2.1 15+2 32°24 25  Constant r
2010 2.1 20+ 4 32°49 10 Constant r
2011 2.1 20+ 2 32932 27  Constant r
2012 2.1 25+ 3 32°919 13 Constant r
2013 2.1 204 32°17 9 Constant r
187 Arter T.R., Williams L.P., 2002: Meteoroid ejection ve-
16 4 locities deduced from a study of the April Lyrid me-

1 é teor shower. MNRAS 329, 175-180.

14 1 Dall’Olmo U., 1978: Meteors, meteor showers and me-
12_' teorites in the middle ages: from European medieval
. X sources.. J. Hist. Astr. 9, 123-134.
104 Dubietis A.; Arlt R., 2001: Thirteen years of Lyrids
% 8 ] * 4 from 1988-2000. WGN 29, 119-133.
N ] & Fisher W.J., 1931: Records of the Lyrid meteor shower
&4 i of 1803. Pop. Astr. 39, 256-263.

1 L . Lindblad B.A., 1987: Physics and orbits of meteoroids.
41 PP LI ' In: The Evolution of the Small Bodies of the Solar
24 L. P System, Soc. Italiana di Fisica, Bologna.

1 Lyytinen E., Jenniskens P., 2003: Meteor outbursts
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Figure 2.11: Average activity profile of the Lyrids de-
rived from observations of 1988-2000. Increasing the
resolution of the binning, the maximum can actually be
driven a little higher to ZHR,.x = 18 £ 1 before noise
fluctuations start to dominate (Dubietis & Arlt 2001).
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2.8 m-Puppids (137 PPU)

2.8.1 Synopsis

Period April 15-28

Maximum Ao = 33°5 (=~ April 23)
Radiant a=110° §= —45°
ZHRax = variable 1= 2.0 Voo = 18 ki /s

Parent body 26P /Grigg-Skjellerup

Orbital elements of the stream and 26P:

Q w i e q a P

PPU, Jenniskens (2006)
33°64 359°  21°

26P /Grigg-Skjellerup
2132931 359°33 21209 0.664 0.997au2.96au 5.11yr

The radiant can be effectively observed only from the
southern hemisphere in the evening hours, at elevations
of over 70° on a latitude of 30°S (Figure 2.12). It sets
shortly after midnight.

The mw-Puppids beautifully illustrate the surprising
nature of new periodic streams, that is, showers that
have become observable only recently. In the case of
such young streams the meteoroids are clustered close
to their parent comet, so we only see activity from them
when the comet is nearby. With the m-Puppids, the
comet returns to perihelion every five years, which is
when we have the best chance to see some. It is possible
that these meteors will in the future become observable
in the intermediate years between successive perihelion
passages.

In 1964, Jupiter slightly disturbed the Comet’s orbit,
reducing its minimum distance to the Earth’s orbit to as
little as 640 000 km (Sitarski, 1964). A possible meteor
display was predicted for 1967, but observational results
proved negative. In 1972, there were new attempts to
find some associated meteor activity. About April 23,
the Earth passed close to the Comet’s orbit, but only
very low rates were recorded, while radar observations
in New Zealand showed an activity level of only 70% of
the usual sporadic background (Baggaley, 1973).

Major observing campaigns were planned for the
Comet’s return in 1977. In the USA and Brazil, ob-
servers got very low rates. The Australians and New
Zealanders, however, were blessed with a much richer
display. Several meteors were photographed and some
fireballs reported in New Zealand. In Australia, max-
imum activity was observed at Ao = 33753 with an
hourly rate of 75 (Lindblad, 1987). The unusual me-
teor activity even caught the attention of the public,
which means that it must have been remarkable.

Australian observers saw another 7w-Puppid return in
1982 (Wood, 1982). The maximum was sharp, with a
peak ZHR of 23 at April 23"49™ UT. This was lower
than in 1977, but the main maximum may have been
missed. Rates on adjacent nights were less than 2 per
hour.

The 1977 maximum was located at Aoy = 33 2. Max-
imum activity in 1982 and 1983 occurred at 33 ©3, which
is the time at which the Earth passed through the

1.00au 2.97au
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Figure 2.12: Radiant drift of the m-Puppids.

Comet’s orbital plane. It follows that the debris is grad-
ually being dispersed along the Comet’s orbit, but is
still very much confined to its orbital plane. In 1992
and 1993, maximum ZHRs were about 4 at A\ = 33°7
and Ao = 33°%4, respectively. It is evident that con-
tinued observation of m-Puppid meteors over the next
few years will provide unique information on the rate
at which cometary material is dispersed to become a
meteoroid stream.

In view of the extremely low velocity of the m-Puppid
meteors, the observed 1977 peak hourly rate of 75 is
quite remarkable. Members of the m-Puppid shower are
3.8 magnitudes fainter than Perseid meteors of compa-
rable masses. If the observed visual rate was scaled up
to a velocity of 60 km/s and if we assumed r-values be-
tween 2.0-2.9, we arrive at a ZHR of some 1000-4 000
meteors per hour (Lindblad, 1987).

2.8.2 Research

Messenger (2002) predicted a return of the m-Puppids
which should be observable by radio methods. These
meteoroids were assumed to be only small particles (20
to 100 microns) which were ejected from 1967 to 1997.

Vaubaillon & Colas (2005) simulated the dynamics
of the stream. Its evolution is dominated by close en-
counters with Jupiter. In the case of the m-Puppids, the
effect is so great that it can cause the stream to split into
several parts and form gaps. The difference in period of
each part leads to the possibility of a meteor outburst
on Earth while the parent body is at aphelion. Obser-
vations described above are linked to streams ejected in
the 19th and 20th century. Sometimes there are over-
laps between several streams ejected at different perihe-
lion passages of the parent body, affecting the time of
maximum meteor activity. In the 1972 and 2003 cases,
only radio observations are available, but the predicted
or post-predicted radio-outbursts have not been con-
firmed.
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2.9 n-Aquariids (031 ETA)
2.9.1 Synopsis

Period April 19-May 28

Maximum Ao =455 (=~ May 5)

Radiant a=338° §=-1°

ZHRphax =60 r=24 Voo = 66 km/s

Parent body 1P /Halley

Orbital elements of the stream

and 1P /Halley:

Q w i e q a P

ETA, Shigeno et al. (1997), video

44°9 96°6 164°0 0.944 0.575au 10.3au 33yr
1P /Halley
5898 111°8 162°2 0.967 0.582aul8.2au 77yr

The n-Aquariids remain almost unknown in northern
latitudes, while it is one of the highlights for southern
hemisphere meteor observers. The radiant (Figure 2.14)
reaches only low elevation above the eastern horizon
by dawn for observers at northern latitudes (north of
45°N). Here, low elevation and twilight cause a small
observable number of shower meteors. The shower is
only favourable for southern observers. The ZHR profile
is broad, yielding high rates for several days as shown
in Figure 2.13.

The n-Aquariids appear in old Chinese annals from
the eighth century and belong to the most prominent
showers from the 10th to the 14th centuries (Ahn,
2003). The first European record of n-Aquariids comes
from the period 1868 to 1870, when Italian observa-
tions, analyzed several years later by Denning (1883),
allowed the determination of a radiant at o = 335°,
0 = —9°. Denning discovered the association between
this shower and Comet 1P/Halley in 1900, although
many astronomers had made this suggestion since 1868
in various articles. Denning predicted an increase in
activity at the next return of the Comet in 1910, al-
though we have no evidence that n-Aquariid activity
was any higher than normal around that perihelion
passage time of 1P/Halley. The Comet produces an-
other meteor shower, the Orionids, which is described
at page 47. Both the meteoroids of the n-Aquariids and
the Orionids are quite far from the orbit of their parent
and thus we do not see freshly ejected meteoroids close
to the perihelion passage of the Comet (Babadzhanov
et al., 1987; McIntosh & Jones, 1988; Ryabova, 2003).
The modelled stream shows a complex structure of lay-
ers and currently observable n-Aquariids should have
been released from the Comet not later than 837 AD
(Ryabova, 2003).

2.9.2 Research

Since 1975 the n-Aquariids have been observed carefully
in almost every year. In the broad maximum the ZHR
reaches 50-80, and a minor activity can be traced until
end-May (Cooper, 1996; Rendtel, 1997; Dubietis, 2003).
The average population index r is found in the range
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Figure 2.13: Activity of the n-Aquariids from visual
observations stored in the VMDB covering the period
1988-2007 using a constant r = 2.4 over the activity
period. The zenith correction included the standard
sine term (no zenith coefficient v > 1.0) and allowed
only intervals with a radiant elevation of > 20°.

Figure 2.14: Radiant drift of the n-Aquariids.

2.2-2.5 (Dubietis, 2003), but is slightly lower near the
rate maximum (e.g. 7 &~ 2.0 was found in 1997; Rendtel,
1997).

Jenniskens (2006; p. 305) suggests a profile composed
of two components. The narrow one peaks at Ao =44 24,
but was found only in the 1993-1997 data while it did
not occur in the 1986-1992 data. He notes that the
position of Jupiter could be the reason for the small
difference in the rate profiles.

In 2013, the maximum ZHR exceeded the av-
erage level of about 70 significantly and for
a long time. The preliminary analysis pro-
vided by the live graph of the IMO (see

http://www.imo.net/live/eta-aquariids2013/)

assuming a constant r = 2.4 yielded ZHR > 70
between Ao = 44 249 and 46 83 corresponding to 2013
May 05, 0" UT and May 07, 10" UT (i.e. almost 2.4
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days. An explanation was presented by Mikiya Sato
(Sato & Watanabe, 2014), showing that the meteoroids
are from very old ejection from the parent 1P/Halley
and are trapped probably in resonances to Jupiter’s
orbit (similar to the Orionids observed between 2007
and 2010). The peak ZHR assuming the ETA standard
r = 2.4 reached 135 + 16 at A\g = 45256 £ 0°05.
As there were reports about a considerable amount
of bright ETA shower meteors, the true value of the
population index may have been lower. Applying
r = 2.1 yields a ZHR of 120 instead, not changing
the result. The 2014 return of the shower showed the
average ZHR of about 50 again which is in agreement
with the Sato’s model calculation.
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2.10 n-Lyrids (145 ELY)

2.10.1 Synopsis

Period May 3-12

Maximum Ao = 48°4 (~ May 8)
Radiant o =287° §=+444°
ZHRpax =3 7 =3.0 Voo = 44 km/s

Parent body C/1983H1 (IRAS-Araki-Alcock)

Orbital elements of the stream and C/1983 HI:

Q w i e q a P

ELY, Jenniskens (2006)
45°7  190°0 79°4
C/1983H1

49°10 192985 73°25 0.990 0.991au98.1au

0.995au 6.03 au

This shower which is associated with Comet C/1983
H1 (IRAS-Araki-Alcock). It was introduced to the
Working List although it appears to be only a weak
source. The radiant position found from recent IMO
video data gives a radiant centred at a = 290°, § =
+42° (Figure 2.15). Careful visual or telescopic plot-
ting will be needed to separate any potential n-Lyrids
from the sporadics.

Comet C/1983 H1 (IRAS-Araki-Alcock) is a well
studied object, and meteor activity from that parent
has been significant though not very high. A compre-
hensive set of video meteors shows the radiant very
clearly. Since nearly all the video meteors are in the
visual range of brightnesses, the radiant is also a good
representation of what visual observations would ob-
tain, less accurately though. Ohtsuka (1991) reported
about five orbits in the IAU orbital database which were
associated with the Comet. These orbits give a radiant
position of about a = 289°, § = 443 22 centered around
a solar longitude of A\g= 49 °6. The closest approach
to the orbit of C/1983 H1 is A\g = 4824 with a theo-
retical radiant position of @ = 288°0, 6 = 44°0 and a
geocentric velocity of vy = 43.8 km/s. Bearing in mind
that the difference in reference dates for the observa-
tional and the theoretical estimates is about one day,
the results agree very well.

For the Shower List, we adopt an activity period of
May 3-12 as was done by Kronk (1988). There are sev-
eral methods of how to compute the possible evolution
of meteoroid particles to approach Earth, without ac-
tually following the motion of individual particles. The
methods compiled by Neslusan et al. (1998) yield a time
of probable maximum activity at A\o= 48 4 or roughly
May 9. The encounter velocity of the particles including
the gravity of the Earth is 44 km/s. A daily motion of
the radiant of 1° per day is assumed for the ephemeris.

The n-Lyrids may be an interesting meteoroid source
as both orbital elements and parent are available. The
shower should not be confused with the 7-Herculids
theoretically generated from the disintegrated Comet
73P /Schwassmann-Wachmann 3, but not exhibiting
significant meteor numbers hitherto (Arlt & Vaubail-
lon, 2006).
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Figure 2.15: Radiant drift of the n-Lyrids.
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2.11 June Bootids (170 JBO)

2.11.1 Synopsis

Period June 22-July 2

Maximum Ao = 95°7 (= June 27)
Radiant o =224° 0= +48°
ZHRnax = variable r=2.2 Voo = 18 km/s

Parent body 7P /Pons-Winnecke

Orbital elements of the stream
and 7P /Pons-Winnecke:

Q w i e q a P
JBO, Jenniskens (2006)
96°05 183°65 18°%4 1.016 au 3.3 au
7P /Pons-Winnecke
93°45 172929 22°28 0.634 1.258au 6.38 yr

This shower was reinstated on the Working List af-
ter its unexpected return of 1998 (Arlt et al., 1999),
when ZHRs of 50-100+ were visible for more than half
a day. Another outburst of similar length, but with
lower ZHRs of ~ 20 — 50 was observed on 2004 June
23. This occurred outside the usually assumed activity
period, earlier than any June Bootids previously had
been recorded.

The activity period is an issue with this shower, since
the maximum on June 27 follows the beginning of the
period, June 26, very closely. Dust trail predictions
have delivered peak dates as early as June 22. That
case may have been exceptional but, nevertheless, we
list the activity of the June Bootids from June 22 to
July 2 (Arlt & Rendtel, 2006). Even if this activity
period is overestimated, pollution by sporadic meteors
is not very likely because of the high elongation of the
radiant from the apex and the peculiar velocity of the
shower. The radiant (Figure 2.16) is well above the
horizon for most observers in the northern hemisphere,
although twilight is a problem for latitudes north of
about 50°. Rates are close to the detection limit in
years with no enhancements (Seifert, 1998; Arlt, 2000;
Rendtel, 2002).

2.11.2 Research

Prior to 1998, three more probable returns with en-
hanced rates had been recorded, in 1916, 1921, and
1927. The outbursts of 1916 and 1998 were anal-
ysed and modelled in detail by Asher & Emel’yanenko
(2002), following the work of Reznikov (1983). Parti-
cles responsible for the 1998 outburst were ejected from
the parent comet, 7P/Pons-Winnecke at its 1825 re-
turn. Then, a substantial portion of the meteoroids
remained in a 2:1 resonance with Jupiter (Figure 2.17).
The comet’s perihelion distance undergoes variations
which periodically take it on an Earth-crossing orbit.

Another result was obtained by Tanigawa &
Hashimoto (2000). They associate the 1998 outburst
with meteoroids released from the parent comet in 1819
and 1869 and perturbed into Earth-colliding orbits by
Jupiter.
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Figure 2.16: Radiant drift of the June Bootids.
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Figure 2.17: Distribution of nodes of particle orbits pro-
ducing the 1998 June Bootid outburst (model calcula-
tions by J. Vaubaillon).

Each meteoroid orbit is a modification of the par-
ent’s orbit due to ejection velocity and direction. The
model calculations of Asher and Emel’yanenko (2002)
are consistent with an ejection velocity of 10-20 m/s for
meteoroids to reach the 2:1 resonance. The discussion
of particle ejection from comets using different models
has yielded different results over the past years, but it
seems that low values of some tens of m/s are currently
favoured. Assuming that a significant number of June
Bootid meteoroids is still in the 2:1 resonance another
June Bootid activity increase in 2004 was expected (Fig-
ure 2.18) and indeed occurred (Figure 2.19)—after 0.5
orbital periods of Jupiter, with the 1998 outburst time
falling on June 27, 01 UT. An attempt to combine the
1921 and 1927 observations of increased June Bootid
rates with the major events in 1916 and 1998, led to
the chance of enhanced rates on 2003 June 27, 19 UT,
which in fact did not materialize.
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Figure 2.18: Distribution of orbital nodes of particles
ejected in 1813-1875 producing the 2004 June Bootid
outburst (J. Vaubaillon).

In 2004, enhanced rates were expected and observed
(Okamoto et al., 2005). A maximum ZHR of 30£10 was
found at 2004 June 23, 14"50™ UT 460 min with a full
width at half-maximum of about 7 hours (Vaubaillon
et al., 2005). The population index was found as r =
2.49 £+ 0.15.
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2.12 «-Capricornids (001 CAP)

2.12.1 Synopsis

Period July 3—August 15

Maximum Ao = 127° (= July 29)

Radiant a=307° 6=-10°

ZHRyax =4 r=25 Voo = 23 km/s

Parent body (2101) Adonis or 45P /Honda-Mrkos-
Pajdusédkova

Orbital elements of the stream and related objects:

Q w i e q a P

CAP, Lindblad (1987), phot.

126°9 270°2 7°3 0.758 0.587au 2.421 au3.8yr
(2101) Adonis

350758 41°69 1236 0.764 0.443aul.87au 2.6yr
45P /Honda-Mrkos-Pajdusdkové

89°17 326°024°2  0.824 0.533au3.03au 5.3yr

In mid to high northern latitudes the radiant of
the a-Capricornids (Figure 2.20) rises relatively little
above the horizon. With a maximum ZHR of about 4
(Figure 2.21), the number of observed shower meteors
will remain low. At subtropical and tropical latitudes,
the radiant will be seen at a much smaller zenith dis-
tance, leading to a noticeably richer display. The a-
Capricornids often display bright meteors.

While the ZHR level seems to vary little from one year
to another, it seems that the 1984 return yielded and a
lower population index r and a significantly enhanced
ZHR between 8 and 12 (Figure 2.21 (b); Miskotte &
Johannink, 2008). Observations from Namibia in 2011
and from La Palma in 2008 (Miskotte & Johannink,
2012) yielded maximum ZHRs of about 6 with an aver-
age population index of r = 2.00.

Despite the radiant overlap with the Antihelion
Source (see Figure 2.20 on page 29), we leave the shower
in the Working List, because of the interesting connec-
tion with a comet or perhaps asteroids, the good knowl-
edge of orbits, and the prominence in activity curves of
the ecliptical activity in July—August. Observers should
make a careful distinction between the Capricornids and
the Antihelion Source from July 3 to August 15 consid-
ering the low velocity of the a-Capricornids.

2.12.2 Research

Hasegawa (2001) suggested the existence of substruc-
tures of the stream from data in the IAU database
connected with the comets 45P /Honda-Mrkos-Pajdusa-
kovd, T72P/Denning-Fujikawa, 141P/Machholz 2,
the minor planets (2101) Adonis, (9162) 19870A,
C/1457 L1, and a hypothetical comet whose orbital
elements are given. Investigations of the orbital
evolution yield connections with meteor showers in
July and February (Babadzhanov, 2003).
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Figure 2.21: Activity profile of the a-Capricornids from
observations of 1997-2002.
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Figure 2.20: Radiant drift of the showers in the Aquarius-Capricornus-region in summer. The radiant of the
Antihelion Source also moves through the field. Care needs to be taken when associating meteors to the different
sources, considering not only the direction but also the apparent trail length and angular velocity.
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2.13 Southern J-Aquariids(005 SDA)

2.13.1 Synopsis

Period July 12-August 19
Maximum Ao = 125° (= July 28)
Radiant a=339° §=-16°
ZHRpax =15 r=3.2 Voo =41 km/s

Parent body  stream belongs to complex with
Quadrantids and a number of aster-

oids and comets

Orbital elements of the stream and 96P /Machholz 1:

Q w i e q a P

SDA, Lindblad (1987), phot.

309°6 149°5 26°2 0.967 0.102au3.09au 5.4yr
Kashcheyev & Lebedinets (1967), radar

307  151°  28° 0.96 0.08au 2.04au 2.9yr

96P /Machholz 1 (2007)
94°55 14°62 59995 0.959 0.125au3.0au 5.2yr

Around the maximum of this southern shower, we
can observe quite a number of d-Aquariids. At latitudes
north of about 45° the 6-Aquariid radiant (Figure 2.20)
never reaches a reasonable elevation above the horizon.

A study of the radiant structure of the various sources
in Aquarius (Arlt et al., 1992) involving nearly 5000
meteors from the Aqr-Cap region, based mainly on
data obtained from mid-northern locations, showed
the Northern d-Aquariids (now part of the Antihelion
Source as shown in Figure 2.20 on page 29) between
July 21 and August 11. The Southern d-Aquariids
only occurred distinctly on July 30 at a = 340° and
6 = —14°, which is almost the date of their maximum.
The activity over the entire period given in the list is
shown in Figure 2.22. It can be detected until August 7
by visual means. A recent analysis of video data allows
to detect the shower reliably until August 24 (Molau &
Rendtel, 2009).

2.13.2 Research

Model calculations of the evolution of the Southern 4-
Aquariids indicated a possible relationship between the
current 6-Aquariids and the past orbital elements of the
Quadrantids. Details are given in the Quadrantid sec-
tion.

Still another remarkable relationship with the J-
Aquariids has been found. The Arietids, a daylight
shower in June, display their maximum activity on
June 1 with a radiant near o = 38° and 6 = +15°.
After perihelion passage, this stream encounters the
Earth’s orbit again on July 28 with a predicted radi-
ant at a = 336° and § = —11°, exactly coincident with
the 0-Aquariid radiant! This clearly demonstrates the
relationship (Almond, 1951).

Ceplecha (1983) classified the d-Aquariid meteoroids
in class B, which means that they may originate from
the nucleus of a small comet. As the J-Aquariid stream
is involved in the orbital complex of the Quadrantids, it
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Figure 2.22: Activity of the d-Aquariids from visual
observations stored in the VMDB covering the period
1988-2007 using a constant r = 3.2 over the activity
period. The zenith correction included the standard
sine term (no zenith coefficient v > 1.0) and allowed
only intervals with a radiant elevation of > 20°.

is also connected to 96P /Machholz 1 or possibly Comet
C/1490 Y1 = 1491 I (McIntosh, 1990). However, it is
not evident whether the meteoroids of the J-Aquariid
stream were ejected from the nucleus of either of these
comets. Another class B meteoroid stream associated
with a known parent body is the Geminid stream, which
is related to the asteroid 3200 Phaethon.

Double-station video observations (Shigeno et al.,
1999) yielded a radiant motion of o = 339931 +
0.75(Ag —125°0), § = —16.85+0.22(A — 125 °0). This
is fairly close to the IMO radiant drift used hitherto (cf.
Figure 2.20).
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with the IMO Video Meteor Network. WGN 37, 98—
121.
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2.14 Piscis Austrinids (183 PAU)

Period July 15-August 10
Maximum Ao = 125° (=~ July 27)
Radiant a=341° §=-30°
ZHRpax =4 17 =32 Voo = 35 km/s
Parent body unknown

Orbital elements of the stream:

Q w i e q a P

PAU, Kashcheyev & Lebedinets (1967), radar
303°9 13296 37°5 0.24 0.84au 1.0au 1.0yr
303°  114°  45° 0.96 0.17au 4.3lau 8.9yr

The Piscis Austrinids are visible from July 15 to Au-
gust 10. As this period, together with their maximum,
almost coincides with the d-Aquariids, observations of
this shower are often neglected in favour of its more
northerly neighbour (Figure 2.20). The ZHR-graph
(Figure 2.23) shows a low rate. Hence the Piscis Aus-
trinids produce 1 or 2 meteors per hour rising to some
3 to 5 per hour at maximum for observers in southern
latitudes for most of their period of activity. Observers
at more northern locations will see only very few shower
meteors of this southern radiant (Figure 2.20).

The shower is on the various lists already from 1865
onwards (Herschel, 1866; Denning, 1899). From 1910 to
1940, the Piscis Austrinids were given close scrutiny by
members of the Western Australian Astronomical Soci-
ety. Hoffmeister (1948) remarked that a distinct Piscis
Austrinid shower was not evident, and that it might
only be the southernmost branch of the Aquariid scat-
ter field. McIntosh (1935), in a comprehensive radiant
study, identified some 7 sub-showers, each of which had
their own particular maximum between July 17 and Au-
gust 13.

Radio-echo meteor observations at Christchurch,
New Zealand (Ellyett & Roth, 1955) showed a radiant
probably linked to the Piscis Austrinids at o = 328°
and § = —27° between 1953 July 21 and 26. The shower
was not mentioned until 1960 when Kashcheyev & Lebe-
dinets (1967) carried out extensive radio observations.
They detected 32 meteors with similar orbits between
July 16 and August 13 which we can associate with the
Piscis Austrinids. They found a maximum on July 26
(Ao = 123°) with a radiant at a = 340° and § = —26°.

In the 1960s and 1970s, visual observers from Aus-
tralia and New Zealand determined the date of maxi-
mum to be July 28, with maximum ZHRs of about 4 in
1977 and 1979 (Kronk, 1988).
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Figure 2.23: Activity of the Piscis Austrinids from vi-
sual observations stored in the VMDB covering the pe-
riod 1988-2007 using a constant r = 3.2 over the activ-
ity period. The zenith correction included the standard
sine term (no zenith coefficient v > 1.0) and allowed
only intervals with a radiant elevation of > 20°.
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2.15 Perseids (007 PER)

2.15.1 Synopsis

Period July 17-August 24
Maximum Ao= 140°0 (=~ August 12)
Radiant a=49° §=458°
ZHRpax =100 =22 Vo, =59 km/s

Parent body 109P /Swift-Tuttle

Orbital elements of the stream
and 109P /Swift-Tuttle:

Q w i e q a P

PER, Lindblad & Porubcan (1994), phot.

139261 150753 113227 0.996 0.948au8lau 730yr

PER, Kashcheyev & Lebedinets (1967, radar, mean)
136° 151° 113°  0.91 0.95au 11.0au 36yr

109P /Swift-Tuttle

139944 153°00 113243 0.964 0.958au27au  135yr

When a novice amateur astronomer talks about me-
teors, the shower most likely to be mentioned is the
Perseids. Indeed the Perseid meteor shower is the sin-
glemost popular regular meteor display for observers at
the present time.

Whatever the phase of the Moon, there is always part
of the activity period observable without moonlight.
The radiant (Figure 2.24) rises from a low elevation in
the evening hours to a small zenith distance by the end
of the night, but Perseids are unobservable from south-
ern latitudes. In subtropical areas, the radiant can only
be observed after midnight.

The activity level remains low in the outer regions of
the stream, as is evident from the ZHR profile shown in
Figure 2.26, calculated from data covering the period
1988-2008. Hence the method for minor shower obser-
vations should be applied. The Perseids can be regarded
as a major shower only in the interval 137°-143°.

The ZHR profile is skew with a steeper decrease af-
ter the maximum period. The impression of a possible
ZHR sub-maximum a few days before the maximum is
obviously imposed by the decreasing r combined with
the continuous ZHR rise. The profile of the population
index r, also calculated from the 1988-2008 data (Fig-
ure 2.25), shows four distinct features:

(i) a low r = 2.1 — 2.2 at the activity start;

(ii) a significant maximum of r = 2.46 at Ao = 122°3
(July 25);

(iii) r < 2.0 in the immediate peak period (different for
each return);

(iv) steady increase of r after the maximum, reaching
r = 2.6 at the end of the activity period.

The Perseids have been observed for at least
2000 years now. The first information on them came
from the Far East (Zhuang, 1977). Clearly, the Perseid
stream has a very stable, highly inclined orbit which
protects it from strong planetary perturbations.

In the period 1864-1866, Schiaparelli (1871) proved
by calculations of the Perseid orbit that this stream
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Figure 2.24: Radiant drift of the Perseids, according to
recent positional data (Arlt, 2003).
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Figure 2.25: Profile of the population index for the en-
tire activity period, except the immediate peak (139 24—
140 ©5) of the Perseids, derived from data collected be-
tween 1988 and 2008. The profile is smooth and shows
an average of r &~ 2.2 with a prominent maximum near
Ao = 122° (July 25), while a steady decrease towards
and after the peak period is found.
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Figure 2.26: Perseid ZHR Profile for the entire activity
period, except the immediate peak (139 °4-140°5), de-
rived from data collected between 1988 and 2008, using
the r-profile shown in Figure 2.25.
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shared the orbit of Comet 1862 III (109P /Swift-Tuttle).
This was the first proven association between a meteor
shower and a comet.

Since that time, Perseids have been observed in vir-
tually every year. Variable maximum rates have been
reported in the first half of this century. At that time,
no global data sets were used to determine maximum
activity. The actual peak may have been missed by
the observer reporting the rates as it appeared during
day-time.

At the end of the 1970s, Perseid rates showed signs of
an increase, culminating in 1980 when the ZHR reached
180. Observers in the Swiss Alps counted up to 14 Per-
seids in one minute on 1980 August 12, between 1" and
28 UT (Simmons, 1981). These exceptional rates were
related to the expected return of Comet Swift-Tuttle.
However, the comet was finally recovered only in 1992.
The rich return of 1980 was confirmed by observers at
several other sites, although the ZHR level of 180 may
not be entirely accurate. Even so, revised results do
indicate an above average activity level for the 1980 re-
turn. However, we cannot qualify this as an exception-
ally strong return, and there was certainly no meteor
storm as some people suggested.

In the rate profile for the 1988 Perseids obtained from
global observational data, a small new peak was found
which preceded the ‘normal’ peak by about 12 hours
(Roggemans, 1989). This peak reappeared in the 1989
analysis (Koschack & Roggemans, 1991).

In 1991 this ‘new’ maximum caused exceptional ac-
tivity with a peak ZHR of 350 at Ay = 139 ©58, which
was observed in Japan and the Far East. The detailed
analysis of the outburst period showed that the r value
did not significantly vary during the outburst (Koschack
et al., 1993).

The recurrence of the outburst was expected in 1992
at 22" UT. In fact, it occurred about 2.5 hours earlier,
at Ao = 139 250 (Koschack et al., 1993). This is exactly
the nodal longitude of Comet 109P /Swift-Tuttle.

The Perseid’s parent comet was re-discovered after
the 1992 Perseid outburst by Kiuchi on 1992 Septem-
ber 26 (Marsden, 1992). Although the Comet was quite
bright in 1862 (about +2mag), the determination of its
orbit was not very certain. Furthermore, no earlier ap-
parition of 109P /Swift-Tuttle seemed to have been ob-
served. However, Marsden (1973) reported a possible
link with Comet Kegler of 1737. If these were succes-
sive apparitions of one comet, the orbital period should
have been significantly longer than the 120 years derived
from the 1862 observations. This has indeed been con-
firmed by the rediscovery of 109P/Swift-Tuttle. Mars-
den (1992) points out that a precise linkage of comet
observations, even at only two apparitions, is not pos-
sible without involving large nongravitational forces.

The 1993 return of the shower received at lot of atten-
tion from the general public, as some predictions sug-
gested the possibility of higher activity than in 1991
and 1992. Even NASA delayed the launch of the Space
Shuttle ‘Discovery’ due to the danger posed by mete-
oroidal debris from the Perseid stream (Brown, 1993).
Based on the 1992 data, the 1993 peak was predicted
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Figure 2.27: ZHR profile of the 2004 Perseids with the
peak of the 1-revolution trail at A\ = 139 244 (Rendtel,
2008).
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Figure 2.28: ZHR profile of the 2007 Perseids with the
mean maximum and peaks which may be associated
with the l-revolution trail (predictions of L-Lyytinen,

V—Vaubaillon, S—Sato), and with resonant meteoroids.
(Rendtel, 2008).

for 1" UT on August 12. It occurred about 2.5 hours
later at Ag = 139 °535 with a peak ZHR of about 300
(Rendtel, 1993). This analysis revealed a population
index 7 of the order of 1.8 — 2.0 around the outburst,
and hence lower than in 1991, when r ~ 2.1.
Meteoroids were ejected from the comet over many
revolutions and have been transferred into differing or-
bits by planetary perturbations and non-gravitational
effects such as the Poynting-Robertson Effect.
Therefore, we find different components contributing
the entire activity of a given shower:
(i) meteoroids from different ejection periods which
have seen many perturbations over time and hence can
cross the Earth’s orbit at different positions;
(ii) meteoroids in dust trails formed not too many or-
bital periods ago and—although perturbed as well—still
in a reasonably small band at least when approaching
their perihelia close to the Earth’s orbit;

141.5

141.5
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Table 2.5: The relatively broad ‘traditional” (or mean) Perseid maximum with a ZHR in the range between 75
and about 120 occurs at Ag = 140°1 £0°1 (J2000). Additional peaks related to dust trails or stream filaments
have been observed in many years. Positions and peak ZHRs are summarized below.

Year Mean maximum Filament peak References
Ao ZHR max Ao ZHR ax

1988 140°084+0°04 106422  139°78+0°03 86+ 4  Brown & Rendtel, 1996; Roggemans, 1989

1989 139°80+0°09 944+ 6  139°56+£0°03 102+£10 Brown & Rendtel, 1996; Koschack & Rogge-
mans, 1991

1990 140°54+0°2 81+£61  139°55+0°05  75+10  Brown & Rendtel, 1996

1991 139°944+0°04 974+ 2 139°55+0°03 284463 Brown & Rendtel, 1996

1992 140°13+0°2 84434  139°484+0°02 220+22  Brown & Rendtel, 1996

1993  139°914+0°04 98+ 5  139°53+£0°01 264+17 Brown & Rendtel, 1996

1994 139°844+0°04 864+ 2  139°59+£0°01 238+17 Brown & Rendtel, 1996

1995 139°90+0°15 65420 139°62+0°05 171+30 Rendtel & Arlt, 1996

1996 140°08+0°04 85410 139°66+0°03 121+17  Rendtel & Arlt, 1996

1997 140°034+0°03 944+ 2 139°71+0°01 137+ 5  Arlt, 1998

1998  140°10£0°02 74+ 3 139°75+£0°03 110+20  Arlt, 1999

1999 139°9 £0°02 87+ 6  139°980+£0°01 104+ 4  Rendtel & Arlt, 1999

2000 139°97£0°02 97+ 3 none — Arlt & Héndel, 2000; Rendtel, 2008
2001 139°8 £0°2 71£ 8 none — Rendtel, 2008

2002 140°11+£0°06 74+ 3  139°82+£0°04 110+ 8  Arlt & Buchmann, 2002; Rendtel, 2008
2003 140°1 +0°2 64+ 7 none — Rendtel, 2008

2004 140°15£0°20 11510 139°444+0°01 160+ 4  Rendtel, 2008

139265+£0°05 130+ 7  Rendtel, 2008
2005 140°2 £0°1 76+ 3 139°75+£0°05 86+ 5  Rendtel, 2008
2006 140°29+0°10 57+ 7 none — Rendtel, 2008
2007 140°25£0°05 67+ 8 139°86+£0°03 78+ 5  Rendtel, 2008
139°86+£0°03 88+ 6  Rendtel, 2008

2008 139°8 +0°2 80+ 5  140°554+0°05 120+ 5  IMO preliminary analysis (www.imo.net)
2009 139°95+0°2  150+£11 none — IMO preliminary analysis (www.imo.net)
2010 139°8 +0°2 88+ 5 none — IMO preliminary analysis (www.imo.net)
2011 140°0 +0°4 58+ 4 none — IMO preliminary analysis (www.imo.net)
2012 140°15+0°2 122+ 8 none — IMO preliminary analysis (www.imo.net)
2013 139°8 +0°2 112411 none — IMO preliminary analysis (www.imo.net)




2.15. PERSEIDS (007 PER)

(iii) older dust accumulated and kept in mean-motion
resonances with Jupiter, called a filament (Jenniskens
et al., 1998).

The mean maxima and additional peaks observed
from 1988 onwards are listed in Table 2.5. Examples
of recent returns with peaks caused by filaments and
trails are shown in Figures 2.27 and 2.28 for the Per-
seid returns in 2004 and 2007, respectively (Rendtel,
2008).

Harris et al. (1995) integrated the motion of the par-
ent comet backwards in time over a period of 270000
years. They calculated the resulting distribution of the
orbital nodes of the ejected meteoroids. According to
the simulation, the Earth passes only the inner part of
the stream whereas the densest part of the stream is
not crossed by the Earth.

The population index has been found to vary during
the Perseid’s activity period. Pre-maximum values are
around r ~ 2.2, but near the maximum r slightly de-
creases (2.0-2.1), and after maximum there is a steady
increase until the sporadic level of r ~ 3.0 is reached
at the end of the shower’s activity period (Koschack &
Roggemans, 1991; Koschack et al., 1993). These fig-
ures illustrate that mass-sorting has taken place within
the stream, with smaller particles concentrated in the
outer regions. As r is the most basic value for any
analysis (Koschack & Rendtel, 1990) it is very impor-
tant to obtain a complete and reliable r profile for the
whole activity period, which in turn requires accurate
magnitude distributions for each night. This requires
magnitude and rate data for intervals shorter than one
hour in the near-peak periods.

The Perseid data in the Working List are almost con-
stant over the years. Recently, we adapted the radiant
motion which was studied by Arlt (2003). The positions
of August 10 and later are taken from that paper, while
earlier position have been recomputed with a larger set
of video meteors and longer, overlapping intervals in or-
der to produce a smooth ephemeris of the radiant. The
positions were also compared with the photographic re-
sults by Svoren and Kanuchova (2005) based on the
most recent version of the TAU orbital database. We
found fairly good agreement, especially on the fact the
radiant does not lie below § = +40° or even below
0 = +30° in July and early July, respectively. Radiant
positions in the central part of Andromeda have often
been reported from visual data, but cannot be deduced
from video and photographic data.

2.15.2 Perseids in the next years

In the year 2028, the Earth will pass within about
—0.0004 au of the 4-revolution trail from the year 1479,
with a mean anomaly factor of about 0.15 (Figure 2.30).
Lyytinen expects this to produce a real storm over the
U.S., although under unfavourable moonlight condi-
tions (www.sci.fi/ fmbb/astro/perseids.htm).
The same is found by Maslov
(feraj.narod.ru/Radiants/Predictions/
1901-2100eng/Perseids1901-2100predeng.html).
who points out that in this year the Earth will en-
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Figure 2.29: Distribution of orbital nodes of individual
particles in the Perseid meteoroid stream.

Perseids 1 - 4 rev. trail ecliptic crossing

e ]

.1 a4l [l
[ " ]
-0.01 s | o ¢ .“!-fﬂ '4 Py B 1rev
o I 2 ¢l d L 0A5A la * Zrev.
i 002 s L lo®t it 4+ Jrev.
-0. A
\...~ | o‘“’ ! 4rev
LT b L
b % Pt
-0.03 n

-0.04
1930

1985 2000 2005 2010 2015 2020

Figure 2.30: The ecliptic crossing of 1-to-4-revolution
meteor trails. In the calculations, the original particle
density is the same for 1-to-3-rev. trails. For the 4-
revolution trail, the density is four times bigger. For
the 1 revolution trail, the number of visible meteors is
expected to start to decline more than about 10 years
behind the comet. Prospects for a good shower from
the 1-revolution trail were clearly best in 2004. The
vertical line marks the start of the year. Visible Perseid
meteors occur at about 0.61 of the way through each
year.

counter a part of the stream which was perturbed
by Jupiter. He estimates the peak ZHR to be about
250-300. Slightly enhanced rates may also occur in the
adjacent years.

Earlier, in 2015, there will be a close encounter with
the 1-revolution trail. Model calculations by Esko
Lyytinen and Jeremie Vaubaillon indicate enhanced
rates. Vaubaillon’s prediction shown in Figure 2.31
hints at the period 2015 August 12.8-13.3 UT. Since
there will also meteoroids of the 2-revolution trail rel-
atively close to the Earth’s orbit in 2016, rates may
exceed the average in that year between August 11.9
and 12.6 UT.
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2.16. k-CYGNIDS (012 KCG)

2.16 k-Cygnids (012 KCG)

2.16.1 Synopsis

Period August 03-25

Maximum Ao = 145° (~ August 17)
Radiant o =286° §=+59°
ZHRpax =3 7 =3.0 Voo = 25 km/s
Parent body unknown

Orbital elements of the stream

Q w i e q a P

KCG, Lindblad (1987), phot.

147°7 199°8 38°2 0.769 1.04au 4.50au 9.5yr
KCG, Gavajdova (1994), fireballs

142°0 197°7 33°0 0.718 0.99au 3.5lau 6.6yr

The shower radiant (Figure 2.32) is high in the sky for
mid-northern latitudes. Therefore essentially all shower
meteors appear slow because they are either close to the
radiant, or low in the sky (and thus far away from the
observer). Despite the high position in the sky for most
northern hemisphere observers, the number of shower
meteors remains low; ZHRs reach just 2.5 about a week
after the Perseid maximum (Figure 2.33).

Occasionally bright x-Cygnid fireballs are recorded,
but no periodicity has been proven. The bulk of k-
Cygnids are medium bright to faint meteors. Despite
the long period of its visibility, the low hourly rates
and the very limited data on the shower leave a lot of
questions open about the nature and evolution of this
meteoroid stream. Video meteor observations indicate
that the activity can be traced even after the end date
given here (Molau, 2007).

There have been rumours about a suspected period-
icity of 6.6 years in appearances of unusually bright x-
Cygnid fireballs. Indeed, several fireballs have been ob-
served from the k-Cygnid radiant but no periodicity has
been proven. The bulk of k-Cygnids are medium bright
to faint meteors, all with a noticeably low angular ve-
locity, but it cannot truly be called a fireball shower.
The long period of its visibility, the low hourly rates
and the very limited data on the shower leave a lot of
questions open about the nature and evolution of this
meteoroid stream.

2.16.2 Research

Since the meteoroids are significantly dispersed in node,
radiant and speed, the shower was considered to be
old. In 1993, increased rates were observed, indicating
that at least some dust is concentrated in trailets. Jen-
niskens & Vaubaillon (2008) report that Minor Planet
2008 EDgy fits the orbital dynamics to account for the
k-Cygnids. With one node near Jupiter’s orbit, the per-
ihelion distance ¢, the longitude of perihelion w and the
node 2 quickly change over time, but in a way that
keeps dust concentrated over a long time.
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Figure 2.32: Radiant drift of the xk-Cygnids.
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Figure 2.33: Activity of the k-Cygnids from visual ob-
servations stored in the VMDB covering the period
1988-2007 using a constant r = 3.0 over the activity
period. The zenith correction included the standard
sine term (no zenith coefficient v > 1.0) and allowed
only intervals with a radiant elevation of > 20°.
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2.17 Aurigids (206 AUR)

2.17.1 Synopsis

Period August 25 — September 08
Maximum Ao = 158° (= August 31)
Radiant a=84° = +42°
ZHRpax =6 1r =25 Vo, =66 km/s
Parent body C/1911 N1

Orbital elements of the stream
and Comet C/1911 N1 (Kiess)

Q w i e q a

AUR, Kronk (1988), parabolic orbit assumed
158°7 126°7 149°0 (1.0) 0.807 oo
C/1911 N1

158267 110237 148°4 0.996 0.684 au

The first valuable reports on the Aurigids (sometimes
also called a-Aurigids) date back to a rather strong
return in 1935. Teichgraeber and Hoffmeister (1936)
in Sonneberg, as well as Vratnik, Vléek and Stépanek
in Prague, observed enhanced meteor activity in the
morning hours of 1935 September 1 from a radiant at
o = 86°, 6 =40°5 (1925.0), with a difference in posi-
tion from the two sites of only 2° in declination. Neither
Denning’s catalog of radiants nor observations carried
out in Germany during years previous to 1935 gave any
hints of an earlier appearance of meteors from this ra-
diant or region. Since no limiting magnitude was given,
it is not possible to calculate a modern ZHR, but the
hourly rates corrected only for the zenith distance of
the radiant were as high as 26 in Germany and 29 for
the Prague team.

A first calculation of the orbit by Guth (1936) showed
a quite close coincidence between the parabolic elements
of the meteoroid stream and Comet Kiess 1911 II. This
comet has an orbital period of about 2500 years, so the
existence of a more or less permanent shower from this
source may seem surprising. The April Lyrids, how-
ever, are also connected to a rather long period comet
and produce an annual meteor shower. The annual Au-
rigid activity reaches a ZHR of about 10 (Dubietis &
Arlt 2002). Figure 2.35 gives the average ZHR profile
calculated for the period 1988-2006.

2.17.2 Research

Short lived outbursts have been reported in 1935, 1986,
1994 (Jenniskens, 2006), and 2007. The 2007 outburst
was predicted by Lyytinen and Jenniskens (2003) with
an update by Jenniskens and Vaubaillon (2007). This
activity caused by the long-period comet C/1911 N1
(Kiess) yielded a unique opportunity to study mete-
oroids from this comet ejected around 83 BC. The pre-
dicted peak time was 11:36 UT on 2007 September 1
(Jenniskens and Vaubaillon, 2007).

A detailed analysis of the visual data obtained during
the well observed 2007 outburst (Rendtel, 2007) yields
a population index of » = 1.74 + 0.08 from the meteors
observed under a sky with a limiting magnitude of at
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Figure 2.35: Activity of the Aurigids from visual obser-
vations stored in the VMDB covering the period 1988-
2006 using a constant r = 3.0 over the activity period.
The zenith correction included the standard sine term
(no zenith coefficient v > 1.0) and allowed only inter-
vals with a radiant elevation of > 20°. The 2007 return
with the outburst is described in detail.
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2.17. AURIGIDS (206 AUR)

least +4 mag. The effect of the bright skies due to
the moonlight interference is relatively small, indicating
that the meteoroid size distribution does not vary over
the magnitude interval between —4 and about +3 mag
within the error margins.

The calculated peak ZHR depends on the maximum
length of the included bins (Rendtel, 2007). Probably
the best estimate for the peak time is obtained when
the maximum bin length was set to 10 minutes (Fig-
ure 2.36). The peak occurred at A, = 158 °556+£0 2003,
that is 2007 August 01, 11:20 UT. In the ZHR pro-
file we have to consider possible (true) density fluc-
tuations which superpose with statistical effects. The
best estimate of the peak rate seems to be the value
ZHR = 132 + 26 derived from 6 minute intervals. In-
dications of substructures are very weak because of the
error limits.
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2.18 September c—Perseids
(208 SPE)

2.18.1 Synopsis

Period September 5-21

Maximum Ao = 166 °7 (~ September 9)
Radiant a=48°  §=+40°

ZHRpax =5 1 =250 V, =64km/s
Parent body unknown

Orbital elements of the stream

Q w i e q a

Gajvadova, 1994; photographic

166°2 242°6 140°5 1.031 0.733au
Rendtel, 1993; photographic

168°  241°3 142°8 0.95 0.75au 15
Welch, 2001; photographic

165°9 242°8 138°9 1.00 0.74au

Gajdos et al., 2014 (2013 outburst, video)
167°200R46°1 139°1 0.959 0.714au

The radiant listed in the previous editions could not
be located by analyses of video data at all (Molau
& Rendtel, 2009). Instead, the formerly-little-known
September e—Perseid shower was clearly detected. This
radiant was responsible for producing an unexpected
outburst of swift, bright meteors on 2008 September 9
(Rendtel & Molau, 2010). The maximum timing listed
above was detected from the recent video meteor data
analysis and was virtually coincident with the 2008
bright-meteor outburst. Further details are given in
section 2.18.2. The value of r = 2.50 given in the syn-
opsis Table refers to the average returns.

Another peculiar outburst was observed on 2013
September 9 centered at 167 °200 (22218™ UT). The
most surprising fact of the observations was an ex-
tremely low value of the population index r = 1.45+0.15
(Rendtel et al., 2014). Hence the apparent high rate
of mainly bright shower meteors was caused by a me-
teoroid stream with a comparatively low flux density
(comparable to that of the a-Capricornids).

Relations to the d-Aurigids as described in the pre-
vious editions of the Handbook based on photographic
data published by Drummond (1982) and visual data
(Rendtel, 1989, 1992), extrapolating the radiant drift
back from early October to the more prominent activity
observed in early September. Later investigation of vi-
sual and orbital data (Dubietis & Arlt, 2002) suggested
that the September e—Perseids and the §-Aurigids (see
next section) are two separate showers. The strongest
argument in favour of two streams is a difference in their
(mean) orbits. The activity of the merged showers ob-
served visually yields a period of very low rates clsoe to
Ao= 175°. Hence the activity period of the September
Perseids is listed until September 17.

The first record goes back to Denning (1882) who
compiled a number of sources from the 1870s obviously
describing this shower which he named the Septem-
ber Perseids. The most reliable reports on this source

CHAPTER 2. SHOWER DESCRIPTIONS

Figure 2.37: Radiant drift of the September e—Perseids
from recent video observations.

come from Hoffmeister’s (1948) radiant investigation.
He noted the September Perseids on 1936 September 8,
but no further observations from this period of the year
were obtained during the other years of his study. Nev-
ertheless, the radiant is listed as a permanent shower in
his catalog.

This shower is essentially visible from the northern
hemisphere. The radiant (Figure 2.37) reaches useful
elevations after about 23" local time. The activity re-
mains low, with some enhancement near Ao = 166 27
(September 9) coinciding with the time of the 2008
outburst mentioned above but deviating from the 2013
peak position.

2.18.2 Research

Distinct activity outbursts have been observed in 2008
and 2013. The 2008 event was centered at September
09, 0820 UT (420min), corresponding to A\ = 166 907
and lasted for four hours (Rendtel & Molau, 2010 and
refereces therein). The peak ZHR is difficult to estimate
since there were no systematic observations carried out
close to the peak time. Most likely, the ZHR was in
the range of 10. While the ZHR is not unusual, the
magnitude of the shower meteors was. A large fraction
of the meteors was bright (—8mag to +4mag), giving
a very low value of the population index r.

The 2013 activity increase was similar to the 2008
return in terms of the unusual magnitude distribution
(yielding a very low r =~ 1.45 + 0.15; Figure 2.38)
but had a much shorter duration. Video data show
a peak on September 09, 22"18™ UT (corresponding
to Ao = 167°200) with a FWHM of about 50 minutes
only (Figures 2.39 and 2.40 from Rendtel et al., 2014).
Considering the low r, the ZHR and flux was not excep-
tional. The passage through the respective stream sec-
tion was mainly manifested in a very different particle
population. Seen the rather short duration of the 2013
return, the assumption of resonant meteoroids similar
to the 1998 June-Bootids (page 26) or the 2006-2009
Orionids (page 47) is not likely. This is also supported
by a model of Lyytinen (presented in Rendtel et al.,
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2014) which shows the 2013 peak time based on the
2008 outburst time and the radiant position and the
assumption that the Earth encountered a medium-long
period comet orbit, with no indications for peaks in the
near future.

The 2013 data (Gajdos et al., 2014) yield a radiant
at @ = 47°6, § = +39°4 and an average velocity of
64.27 km/s.

The “irregular” peaks of the September e-Perseids
as well as the fact that the Drummond (1982) anal-
ysis based on photographic records from the 1960ies
may be signs that there is a larger group of medium-to-
weak showers at similar orbits which cause recordable
rates only at a few occasions. This might also explain
the difficulties to establish a consistent image of high-
iclination showers in September and October (Rendtel
& Molau, 2010).
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2.19 Draconids (009 DRA)

2.19.1 Synopsis

Period October 6-10

Maximum Ao = 195°4 (= October 8)
Radiant a=262° §=+57°
ZHR.x =var 7 =3.0 Voo = 20 km/s

Parent body 21P/Giacobini-Zinner

Orbital elements of the stream
and comet 21P/Giacobini-Zinner

Q w i e q a P

Jacchia et al. (1950); photographic

196°3 171°8 30°7 0.717 0.996au3d.5lau 6.6 yr
Lindblad (1987); photographic

195°5 176°9 24°6 0.700 0.999au3d.33au 6.08yr
21P /Giacobini-Zinner

195°38 172254 31°82 0.706 1.037au3d.52au 6.60yr

The radiant of the October Draconids (Figure 2.41) is
circumpolar for northern latitudes. It is one of the few
radiants which is well placed for evening observations.
Later in the night, the radiant is very low in the sky or
even below the horizon, re-appearing only in the hours
before dawn.

The shower’s parent comet was discovered by Gia-
cobini from Nice (France) on 1900 December 20. It was
rediscovered by Zinner in Bamberg (Germany) on 1913
October 23. Davidson (1915) predicted the possibility
of shower activity in 1915. High hopes were raised in
1933 when the Earth would pass the stream’s descend-
ing node 80 days after the Comet. Reports from Bel-
gium show that the event was spectacular: on October 9
at 19" UT, several meteors appeared simultaneously,
and the hourly rate became remarkable. Maximum ac-
tivity occurred at 20"08™ UT, when the (observed) rate
was 78 meteors per minute. By 21* UT, the rate had
fallen to about 10% of this value. Rates estimated from
many European sites varied from one observer to the
next between 50 and 450 meteors per minute, since the
waxing moon caused rather poor circumstances. The
total duration of the event was limited to 4.5 hours.

On 1946 October 9, Canadian meteor workers pho-
tographed 204 Draconids in four hours (Jacchia et al.,
1950). One exposure contains 29 trails caught in 13
minutes. The cosmic spread of the radiant was just 6/2.
The geocentric velocity of the meteoroids was found
to be as low as 20.43 km/s. The meteors were visi-
ble at great heights (between 90 and 98 km on aver-
age). The observed decelerations and masses indicated
that the Draconid meteoroids were composed of fluffy
material which was easily disintegrated in the Earth’s
atmosphere.

About 17 hours before Full Moon, and with twilight
reducing the limiting magnitude during the visual ob-
servations, observers at the Skalnaté Pleso observatory
found a maximum ZHR of 6800 for 5-minute intervals
at 03"53™ UT (Kresdk & Slancikovd, 1975).

For this 1946 Draconid return, new radar techniques
were tested at Jodrell Bank, England. The radar maxi-
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Figure 2.41: Radiant of the Draconids.

mum occurred at 3"40™ UT with 168 echoes per minute.
At 6" UT, activity had ceased.

The parent comet, 21P /Giacobini-Zinner, has its per-
ihelion near its descending node, and both are close to
the orbit of the Earth. Its aphelion lies close to the
orbit of Jupiter. In 1958, the Comet was perturbed
by Jupiter (closest passage of 0.93 au; Belyayev et al.,
1986). From then on, the descending node intersected
the ecliptic plane far inside the orbit of the Earth. The
comet made another close passage of Jupiter (0.58 au)
in 1969. Its orbit was perturbed again, restoring the
favorable position of the descending node close to the
Earth’s orbit. This strengthened the idea of a possible
meteor storm in 1972, but rates remained very low.

On 1985 October 8, the highest rates (ZHR of the
order of 200-300) were reported for the period 09"30™
to 10"00™ UT (Koseki, 1990). Ottawa radar data yield
a maximum at 09"25™ UT +5min (Simek, 1994). De-
Meyere of Belgium got the highest radio (forward scat-
ter) hourly rate around 10" UT (Steyaert, 1985). Mason
of Britain reported a saturated receiver system between
09"15™ and 09'55™ UT (Mason, 1985). There have
been no reports on rate variations as described for the
1933 and 1946 returns (Jenniskens, 1995; p.223).

Another outburst occurred in 1998 which was cor-
rectly predicted by Reznikov (1993). The peak ZHR
reached 720 &+ 90 (Arlt, 1998). The time derived from
forward scatter observations (Bus, 1999) was 1998 Oc-
tober 8, 13"10™ UT or Ay = 195°075 with no devia-
tion between the peaks for short reflections and long-
duration reflections (> 1 s). Video observations (Fu-
jiwara et al., 2001) yielded a peak at A\g = 195°07.
Details of the profile are discussed by Jenniskens (2006;
pp- 333-334).

The most recent return was calculated to occur on
2011 October 8 when several dust trails contribute to a
considerable rate between 17" and 21" UT (Jenniskens,
2006, p. 678; Vaubaillon et al., 2011). Although all op-
tical observations suffered from moonlight interference
from a waxing moon (91% illuminated), the activity
with a peak ZHR of 400 at 19" UT and was well docu-
mented (Borovicka et al., 2012 and references therein).
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Another, not predicted outburst composed of a large
fraction of small meteoroids occurred on 2012 October
8, 16"30™ UT. Due to the different meteoroid size dis-
tribution, it was most prominent in radar data. It was
reported while the outburst was ongoing (see below in
the Research section)..

2.19.2 Research

Suzuki et al. (1999) find a strange elongated distri-
bution of individual radiants, but mass-dependent ef-
fects are not visible in the distribution. Beginning
and end heights both vary with magnitude, becom-
ing lower/higher for faint meteors: H,(km) = 107.3 —
0.00m, and H.(km) = 84.4 — 1.54m,,.

Sato (2003) finds the 1926 trail being responsible for
the 1998 outburst. The best fitting ejection velocity is
+10.8 m/s. The 1966 and 1959 trails caused the 1999
enhanced activity (fitting ejection velocities 60-70 m/s).

General aspects of model calculations are described
by Asher & Steel (2012). The 2011 outburst was
predicted (Vaubaillon et al., 2011; Maslov, 2011)
and occurred exactly at the expected position. Ob-
servations revealed also the substructure caused by
particles ejected at an earlier occasion (Koten et
al., 2014). The main peak was observed on Octo-
ber 8, 20:15 UT (A = 195°039. The maximum
ZHR obtained from the live analysis of global vi-
sual data with a constant r = 2.8 reached 304 +
10 (http://www.imo.net/live/draconids2011/); the
profile is almost symmetric and has a FWHM of 60
minutes. Ground based video meteor data of the IMO
Video Meteor Network (Molau et al., 2012) essentially
yield an identical profile with a peak at 20:10 UT
(Ao = 195°036) and a FWHM of 80 minutes. The peak
rate is twice as high as the visual rate, but both are pre-
liminary data based on a fix r-value. The analysis of
airborne video data (Koten et al., 2014) yields a mass
index of s = 2.0 £ 0.1 (corresponding to r = 2.5 £ 0.2).
This would reduce the above mentioned ZHR since the
visual observations were affected by bright moonlight.
Koten et al. also report that the brightest meteors oc-
curred in the interval 19:30-20:00 UT. Substructures in
the rate profile were also reported by Sato (2014).

The activity increase in 2012 happened unexpected
and was detected by the Canadian Meteor Orbit Radar
(Ye et al., 2013). (Maslov (2011) concluded from his
calculations that the chances for a weak display of faint
meteors between 15 and 17 UT are low.) Radar obser-
vations revealed that the peak flux occurred at approxi-
mately 16:40 UT on October 8 with a maximum of 2.4+
0.3h~'km 2 (appropriate to meteoroid mass larger than
1077 kg). This is equivalent to a ZHR,ax &~ 9000£1000
using 5-minute intervals and a mass distribution index
of s = 1.88 +0.01 (equivalent to a population index of
r = 2.2540.02). At the same time, the visual ZHR was
of the order of 324 + 66 near 16:50UT (Ao = 1952631,
see http://www.imo.net/live/draconids2012/. The
descending branch of the outburst was also recorded
by cameras of the IMO Video Meteor Network (Molau
et al., 2013), confirming a rather low activity in the
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Table 2.6: Possible Draconid outburst predictions of
Maslov (2011; M) and Ye et al. (2013; Y).

Year Peak (UT) ZHR  Remarks

2014 Oct 6, 20:10  10-15  several trails Oct 7-14, faint
meteors (M)

2018 Oct §,23-24 1020 peak activity from 1953 trail
(M)

2018 Oct 9, =~ 00 1953 trail (Y)

2019 Oct 8, 14:45  5-10 close encounter with 1959 trail
(M)

2019 Oct 8, ~ 01 1979 trail (Y)

2021 Oct 193.8 1979 trail (Y)

2023 Oct 8, 12:10  10-20 1887 trail, bright meteors (M)

2025 Oct 8,05-11  50-60 several trails, submaxima;
bright meteors (M)

2025 Oct 8, 15:14 1040 2012 trail, faint meteors, strong
in radar (M)

2025 Oct 194.0 1933 trail (Y)

2030 Oct 8,21-22 1020 1817-1859 trails, submaxima,

bright meteors (M)

optical range. Considering the radar data, this out-
burst is among the strongest Draconid returns since
1946 and the highest flux shower since the 1966 Leonid
meteor storm, assuming that a constant power-law dis-
tribution holds from radar to visual meteoroid sizes.
The weighted mean geocentric radiant in the time in-
terval of 15-19 h UT, 2012 October 8, was oy =
262°4+0°1,6, = 55°7+0°1 (J2000.0). The fact that
the ZHR derived from visual observation data is much
lower is a sign that the magnitude-cumulative number
relationship is not a simple power law. Dynamical sim-
ulations indicate that the outburst was caused by dust
particles released during the 1966 perihelion passage of
21P /Giacobini-Zinner, although there are discrepancies
between the modelled and observed timing of the en-
counter, presumably caused by approaches of the comet
to Jupiter during 1966-1972. Based on the results of
their dynamical simulation, Ye et al. (2013) predict fur-
ther possible increased activity of the Draconid meteor
shower in 2018, 2019, 2021 and 2025. Maslov (2011)
analysed the Draconid evolution and gives a list of fu-
ture events. Both the predicted peaks of Ye et al. and
Maslov are summarized in Table 2.6.
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2.20. §-AURIGIDS (224 DAU)

2.20 §-Aurigids (224 DAU)

2.20.1 Synopsis

Period October 10-18

Maximum Ao = 198° (= October 11)
Radiant a=84° §=+44°
ZHRumax =3 r =30 Vi =64 km/s
Parent body unknown

Orbital elements of the stream

Q w i e q P

Kronk, 1988 (10 phot. 4+ 24 radar meteor orbits)
190°9 227°1 125°9 0.859 0.720au 3.068 yr
Drummond, 1982 (phot.)

19525 228°8 130°7 0.965 0.826au

This is a working status shower in the IAU database,
called 224 October ¢-Aurigids (DAU). Previously, this
shower was combined with the September Perseids. Its
designation was mainly based on photographic data
published by Drummond (1982). Visual data for
the weeks preceding the observational period given by
Drummond fitted the radiant drift and other parame-
ters (e.g., the geocentric velocity) quite well. Therefore
both showers were listed as one source being active con-
tinuously for about four weeks (Rendtel, 1989, 1992).
Recent analyses of visual and orbital data (Dubietis
& Arlt, 2002) as well as video data (Rendtel & Mo-
lau, 2010) indicate that the September e-Perseids (see
previous section) and the d-Aurigids are two separate
showers. A parent object is not yet known.

The radiant (Figure 2.20.1) is circumpolar for mid-
northern locations and reaches high elevations above
the horizon after about 22" local time. Rates are close
to the detection limit.

" DAU

= . .

Figure 3.35: Radiant drift of the J-Aurigids (AUR).

2.20.2 Research

recent analyses of video data especially from the period
September and October revealed a number of various
radiants (Rendtel & Molau, 2010). Seen the occurrence
of AUR and SPE outbursts (see pages 38 and 40), it
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may well be possible that other showers with radiants
in that region also show variable activity. The result
would be a variable pattern from one year to another,
caused by different minor showers. The fact that there
are several photographic DAU meteors (i.e. bright me-
teors) observed in the 1960ies on which Drummond’s
(1982) analysis is based may be interpreted such that
this (sub?-)shower DAU was more active in the past
than it is currently. For further discussion of the show-
ers in the Auriga region see the last paragraph in the
description of the SPE at page 40.
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2.21 ¢-Geminids (023 EGE)

2.21.1 Synopsis

Period October 14 — 27
Maximum Ao = 205° (= October 18)
Radiant a=102° §=+427°
ZHRpax =3 r=3.0 Voo =70 km/s

Parent body possibly C/1964 N1 (Ikeya) or
C/1987B1 (Nishikawa-Takamizawa-Tago)

Orbital elements of the stream
and the suspected parent comets

Q w ) e q a P

Lindblad (1987); photographic

206°1 243°9 173°3 0.968 0.782au26au 130yr
Kashcheev & Lebedinets (1967); radar

203°  223° 175° 0.75 0.88au 3.6au Tyr
C/1964 N1

269°9 290°8 171°9 0.985 0.822aubbau 400yr
/1987 Bl

176°1 200°4 172°2 0.996 0.870au200au (3000yr)

The maximum is not distinct and occurs around Oc-
tober 18 (Figure 2.38). Meteors of this source will be
noticed during many of the Orionid observations. In
order to allow reliable shower association, the centre of
the field of view should be chosen such that backward
prolongations of the meteors do not line up with both
radiants (Figure 2.21.1). Visual observers should plot
all meteors possibly associated with the radiant and ap-
ply the procedures described in Chapter 3.

The e-Geminids are in an orbit similar to the Orion-
ids, the orbit of the e-Geminids being 9° closer to the
ecliptic. The e-Geminids’ ascending node and the argu-
ment of perihelion are reversed by about 180° (South-
worth & Hawkins, 1963). Znojil (1968) showed that
the e-Geminids undergo larger planetary perturbations
than the Orionids, and should therefore be younger.
The association with a parent is not yet confirmed.

Figure 3.37: Radiant drift of the e-Geminids shown to-
gether with the radiant of the Orionids.
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Figure 2.38: Activity of the e-Geminids from visual
observations stored in the VMDB covering the period
1988-2007 using a constant » = 3.0 over the activity pe-
riod. The zenith correction included the standard sine
term (no zenith coefficient v > 1.0) and allowed only
intervals with a radiant elevation of > 20°.
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2.22 Orionids (008 ORI)

2.22.1 Synopsis

Period October 1—November 10
Maximum Ao = 208° (= October 21)
Radiant a=95° §=+16°
ZHRpax =22 =29 V, =066km/s
Parent body 1P /Halley

Orbital elements of the stream
and 1P/Halley

Q w i e q a P

Lindblad (1987); photographic
2892 82°7 164°3 0.951 0.575aull.bau 40yr
Kashcheev & Lebedinets (1967); radar

25° 86° 164° 0.83 0.57au 4.8au 10yr
1P /Halley
5898 111°8 162°2 0.967 0.582aul8.2au 77yr

The earliest reports of Orionid activity come from
Chinese observers (Zhuang, 1977; Imoto & Hasegawa,
1958). No European documents refer to the Orionids
prior to 1864 when Herschel noticed them (Herschel,
1866; Denning, 1899, p. 246).

The Orionids are an annual shower which can be
observed from both hemispheres from October 2 to
November 7. The radiant (Figure 2.21.1) is well above
the horizon already before local midnight. At maxi-
mum, an observer may expect about 20 Orionids per
hour under perfect circumstances (Figure 2.39). The
period of the broad maximum covers several days usu-
ally from October 20-24.

Since the late 1970s, observers have been mobilized to
study the Orionids carefully because of the 1986 return
of the parent comet. No unusual activity was reported
in any year; rates were at the usual moderate level.
In 1993, Dutch and German observers independently
noted a remarkable ZHR of about 30 for 2 hours on
the morning of October 18 (Rendtel & Betlem, 1993),
a time when we would normally expect Orionid ZHRs
to be closer to 10. The number of bright meteors was
significantly higher during this period as well, a fact
confirmed by photographic observations. This suggests
that a filament of larger particles in the Orionid stream
was encountered. For a long-term analysis, a number of
data was transformed into the IMO’s standard format.
This gives information about the Orionid rates back to
1928 (Rendtel, 2008). Maximum ZHRs observed over
the 20-year period 1981-2001 are shown in Figure 2.40
(Dubietis, 2003).

2.22.2 Research

Significantly enhanced rates have been observed in 2006
and 2007 (Figures 2.43 and 2.44). In both years, the
Orionids showed ZHRs up to 60-80 over three days. In
2006, the high rates coincided with an unusually low
population index r around 1.6 (Figure 2.41; Rendtel,
2007; Spurny & Shrbeny, 2008). In 2007, we found a
population index r to be slightly below 2.0 (Figure 2.42;
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Figure 2.39: Activity of the Orionids from visual obser-
vations stored in the VMDB covering the period 1988-
2005 using a constant r = 2.5 over the activity period.
The zenith correction included the standard sine term
(no zenith coefficient v > 1.0) and allowed only inter-
vals with a radiant elevation of > 20°. The returns of
2006 and 2007 are shown in Figures 2.43 and 2.44.
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Figure 2.40: Evolution of the maximum ZHR of the
Orionids from various sources of 1981 to 2001 (Dubietis
2003).

Arlt et al., 2008). The subsequent Orionid returns in
2008 and 2009 yielded still ZHRs of the order of 40-50,
i.e. above the long-term average, but with no peculiar
magnitude distribution as compared to the 2006b and
2007 returns.

The long-term average of the population index is be-
tween 2.3-2.9 (Rendtel, 2008). The meteoroids respon-
sible for this activity are trapped in a 1:6 resonance
with Jupiter (Sato & Watanabe, 2007; see also Rend-
tel, 2007). The parent comet, 1P /Halley, is not resonant
with Jupiter. Hence, it may deliver meteoroids into all
resonances over a long time. The quite large minimum
distance between the orbits of the Comet and the Earth
favours the 1:6 resonance because it has the greatest
width of all discussed resonance zones (Emel’yanenko,

225
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Figure 2.41: Population index r in the Orionid max-
imum period 2006 (Arlt et al., 2008). Note the very
low values of r at several positions, showing the high
portion of bright Orionids.
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Figure 2.42: Population index r in the Orionid max-
imum period 2007 (Arlt et al., 2008). Although the
r-values are not as low as in 2006 (Figure 2.41), they
were significantly below the average of 2.5.

2001). Consequently, we could find Orionid rate en-
hancements that occurred six Jupiter revolutions ear-
lier, i.e., about 72 years earlier than 2006. The strongest
hint on Orionid rates exceeding the neighbouring years
by a factor of about three is found in observations made
by Loreta in Bologna in 1936 (Millman 1936). Similar
hints can be found in Lovell (1954), although no cali-
bration is possible and the original papers by Prentice
(1936, 1939) do not allow further comparison.
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return is added (dashed line).
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2.23 Leonis Minorids (022 LMI)

2.23.1 Synopsis

Period October 17-27

Maximum Ao = 211° (= October 24)
Radiant a=162° §=+37°
ZHRpax =2 r=3.0 Voo = 62 kim/s

Parent body C/1739 K1 (Zanotti)

Orbital elements of C/1739 K1 (Zanotti)

Q w i e q a

C/1739 K1 (Zanotti)
58728 111°8 162°2 0.967 0.582aul8.2au

This is a weak shower, but the ZHR near the detec-
tion threshold may be a result of neglecting the shower
when other more prominent sources are active in late
October. The radiant (Figure 2.45) can be seen from
the northern hemisphere only and rises near local mid-
night.

The first mention of this shower dates back to Mc-
Crosky & Posen (1961) who found meteors with very
similar orbits in their photographic survey. More re-
cent compilations of photographic and video data by
the Dutch Meteor Society confirmed this confined mete-
oroid stream (de Lignie & Betlem, 1999). Visual activ-
ity of the shower is weak; Jenniskens (1994) estimated
the maximum ZHR to be 2 from a two-sided exponential
fit. According to his graph, we set the activity period
to October 19-27 use the solar longitude of 211° (ap-
proximately October 24) as it was listed in the very first
IMO Working List as the maximum date. The average
of ascending nodes of the photographic orbits given by
de Lignie & Betlem (1999) is near Ay = 209°, though,
matching the peak time of the two-sided exponential
fit by Jenniskens (1994). Their results for the geocen-
tric velocity of the meteoroids was 61.9 km /s converting
to an entry velocity of 63 km/s. The average radiant
position for a solar longitude of 210° is o = 160 °2,
d = 36 °8. Recently, Borovicka (2001) reported about
a spectrum of a Leonis Minorid. The stream is also
detected by the new search method by Welch (2001).
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Figure 2.45: Radiant drift of the Leonis Minorids.

The data from the IMO video network also exhibit
a weak but well confined radiant area very close to
the photographic position of the Leonis Minorid radiant
(Arlt & Rendtel, 2006).
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2.24 Taurids (017 NTA, 002 STA)

2.24.1 Synopsis

The Taurids are embedded in the antihelion ecliptical
activity and exhibit a northern and southern branch.
The radiants are more confined than the ecliptical
source in general, and they are part of a complex of
minor bodies of the Solar System. These facts qualify
them as an individual shower in the Working List.

017 Northern Taurids (NTA)

Period October 20-December 10
Maximum Ao = 230° (= November 12)
Radiant a =58 §=422°
ZHRpmax =5 r=23 Vo =29 km/s
Parent body 2P /Encke

Orbital elements of the NTA stream

Q w ) e q a P

Lindblad (1987); photographic

228°1 293°4 3°3 0.83 0.38au 2.3au 3.4yr
Porubcan & Gavajdovd (1994); photographic
223°0 291°0 4°7 0.830 0.383au 2.2au 3.2yr
Porubcan & Kornos (2002); photographic

226°2 294°9 3°1 0.832 0.350au 2.1au 3.1yr
Ueda & Fujiwara (1994), video

233°1 285°7 2°3 0.85 0.4lau 3.2au 5.8yr

Southern Taurids (002 STA)

Period September 10-November 20
Maximum Ao = 197° (=~ October 10)
Radiant a=32° 6=+49°

ZHRpmax =5 r=23 Vo =27km/s
Parent body 2P /Encke

Orbital elements of the STA stream
and 2P /Encke

Q w ) e q a P

Lindblad (1987); photographic
3394 11392 5°8 0.82 0.40au 2.2au 3.2yr
Porubcan & Gavajdovd (1994); photographic

38°7 114°4 5° 0.834 0.357au 2.1au 3.0yr
Porubcan & Kornos (2002); photographic

37°3 115°4 5°%4 0.825 0.352au 2.1au 3.0yr
Ueda & Fujiwara (1994), video

55°0 104°9 5° 0.91 040au 2.5au 3.9yr
Gartrell & Elford (1975); radar

24° 129° 721 0.82 0.30au 1l.7au 2.3yr
9P /Encke

334°6 186°5 1198 0.847 0.339au 2.2au 3.3yr

Because the radiants are close to the antihelion source
(see Figure 2.46 and the details given below), the Tau-
rid activity can be followed from both hemispheres and
essentially during the entire night.
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Figure 2.46: Radiant drift of the Northern and Southern
Taurids.

40

1t
-

] HHHY'H
Ll
L 4
LILLLLLLL

g
.
e 3
E . |
E s . |
E ¢ .’ . =
E o . |
,102#"77"73 rrrrrrrrrrrrrrrrrrrrrr ... A DO S e - JUUSRURUN. S R =
O A ’ E
E - . |
E e . ° B -
-20C 1 L 4 I I L I L Thd [

Figure 2.47: Radiant drift of the Northern and Southern
Taurids derived by Triglav-Cekada & Arlt (2005).

The Taurids are a prominent source above the eclip-
tical background activity from end-September to early
December. A radiant analysis of Triglav-Cekada & Arlt
(2005) based on 57778 video meteors shows that the
ecliptical background starts to form a confined double-
source in mid-September, but with variable strength in
the northern and southern component. The average
radiant motion of the two branches is shown in Fig-
ure 2.47. The prominence of the Taurids weakens in the
end of November, the southern branch earlier on about
November 20, and the northern branch about two weeks
later. The ecliptical radiant structure in December re-
turns to a very diffuse region as is typical for most of
the ecliptical source throughout the year.

The orbital elements listed here are mean values.
In fact, a detailed analysis allows the determination
of trends in the elements over the two months while
the Taurids are active (see Stohl & Porubéan, 1990;
Porubcan & Ocends, 1992; Porubéan & Kornos, 2002).
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Figure 2.48: Taurids ‘branch 1’: the Northern Taurids.
Comparison of the four diagrams (Figures 2.48 to 2.51)
shows that if an orbit is twisted around in 3-dimensional
space, it can be brought to Earth intersection in differ-
ent ways (the orbit intersecting the Earth’s orbit before
or after perihelion, and coming from above or below the
ecliptic). Under the gravitational influence of Jupiter
and the other planets, a Taurid orbit can reach each
of those configurations in turn, over a period of some
millennia.

Orbit of Jupiter

Orbit of Earth

Southern Taurids

Figure 2.49: Taurids ‘branch 2’: the Southern Taurids.

2.24.2 Research

Whipple (1940) found indications for a possible associa-
tion of the Taurids with Comet 2P /Encke. The Comet’s
orbit has a similar size and shape to the orbits of mete-
oroids in both NTA and STA streams, but is oriented
differently in space (different argument of perihelion w).
In fact, the gravitational action of Jupiter allows any
single orbit to precess through different w over some
millennia, and it is clear that NTA, STA and Encke
all have the same origin. Moreover, other orientations
allow the Earth’s orbit to be intersected on the post-
perihelion arc of the Taurid orbits, the resulting meteors
hitting the daytime side of the Earth. Whipple (1940)
postulated the existence of daytime showers. Radar ob-
servations in 1946 led to the discovery of the June Day-
time [-Taurids (active from the end of June to early
July; Figure 2.50) and the (-Perseids (present during
the first half of June; Figure 2.51). As with the NTA
and STA, there are northern ((-Perseid) and southern
(8-Taurid) branches. Thus, what we observe on Earth
are four cross sections of a continuous stream in space,
orbits having dispersed to fill all 360° in w (see, e.g.,
Babadzhanov, 2001).

Encke’s short orbital period leads to a rapid evolu-
tion of the orbital elements and to a complex struc-

o1

Orbit of Jupiter

Orbit of Earth

Daytime B 'I'aur

Figure 2.50: Taurids ‘branch 3’: the daytime S-Taurids.

Orbit of Jupiter

Orbit of Earth

Daytime ¢ Perseids

Figure 2.51: Taurids ‘branch 4’: the daytime (-Perseids.

ture of the related meteoroid stream. The proximity of
Encke and the Taurids (at their aphelion) to Jupiter’s
orbit, without being so close to Jupiter as to com-
pletely disrupt the stream, also causes the elements to
evolve quite rapidly. (In contrast, e.g., (3200) Phaethon
and the Geminids are much further from Jupiter’s or-
bit and the orbital precession is much slower—see sec-
tion 2.31.) The age of the Taurid stream should be
estimated at about 10-20 thousand years in order to
explain the observed spread in the longitude of peri-
helion (Babadzhanov & Obrubov, 1992; similarly esti-
mated by Whipple & Hamid, 1952). There is no reason
to believe that Taurid activity has been constant over
this timescale. Fireball reports from the 11th century
indicate remarkable Taurid activity then (Astapovich &
Terentjeva, 1968). In more recent times, however, they
have displayed only moderate activity.

The zodiacal cloud apparently requires a large
cometary mass input in past few 10* years, and Encke
or its progenitor has been suggested as a likely candi-
date (see Whipple, 1967, or Kresdk, 1980). The breakup
of a giant comet with several tens of kilometers diam-
eter only about 20000 to 30000 years ago was pro-
posed to produce the Taurid stream as well as numer-
ous cometary nuclei (Clube & Napier, 1984) and this
has prompted searches (e.g., Olsson-Steel, 1987; Asher
et al., 1993; Babadzhanov et al. 2008) for Taurid com-
plex members among the Apollo asteroid population
(Table 2.7).

Taurid Complex objects often exist in mean-motion
resonances with Jupiter (Steel, 1992) and undergo ma-
jor orbital changes within rather short periods of time.
A swarm moving in the 7:2 resonance with Jupiter was
suggested to be part of the Taurid meteoroid stream.
Studies by Asher (1994) and Asher & Izumi (1998) have



52 CHAPTER 2. SHOWER DESCRIPTIONS

Table 2.7: Near-Earth Objects aligned with the Taurid Complex. The objects are listed in ascending order of
D (Asher et al., 1993, 1994) which is used to test whether an orbit is ‘Taurid-like’. In this list, D is calculated
by D. Asher (August 2008, personal communication) using orbits in the IAU Minor Planet Center database.
Asteroid 2004 TG is apparently related to the Taurids (Jenniskens, 2006; p. 470). Other than this, only larger
asteroids (selected on the basis of absolute magnitude being 16.5 or brighter) are included. Among these larger
asteroids having D < 0.2, a large proportion are aligned with the Taurid Complex (longitude of perihelion w in
the range 100° to 190°), although Jenniskens (2006; p. 464) has noted that many of these objects have taxonomic
types not corresponding to extinct comet nuclei and perihelion distances a little higher than Taurid meteors.
Diameter information is taken from http://murison.alpheratz.net/calculators/OrbitalElements for the

asteroids and Fernandez et al. (2000) for Encke.

Object Orbital elements Size

alau] e i D w Q  [km]

2004 TGqg 2.24  0.86 4°  0.06 162° 212° 0.9

(6063) Jason 222 076 5° 0.07 146° 170° 5.1
(2201) Oljato 217 071 3% 0.12 173° 77° 1.8
(5143) Heracles 1.83  0.77 9° 0.13 177° 310° 8.7
(4197) 1982 TA 2.30  0.77 12° 0.14 129° 10° 6.8
(4341) Poseidon 1.84 0.68 12° 0.16 124° 108° 4.7
5025 P-L 2.52  0.75 4° 0.16 139° 346° 44

(17181) 1999 UM3 2.38 0.67 11° 0.18 150° 114° 34
(8201) 1994 AH, 2.53 0.71 10° 0.18 189° 164° 3.4
(5731) Zeus 2.26 0.65 11° 0.19 139° 282° 4.1
(4183) Cuno 1.98 0.64 7° 019 171° 296° 74
(106589) 2000 WN1o7 | 2.15 0.61 14° 0.20 175° 163° 3.8
1990 HA 257 070 4° 0.20 133° 184° 3.3

Comet 2P /Encke 222 0.85 12° 0.05 161° 335° 4.8

indicated that enhanced Taurid fireball rates in specific
years may result from such a ‘swarm’ of larger mete-
oroids within the Taurid Complex, rates increasing in
years such as 1988 (Evans, 1993). The table of swarm
encounters predicted by the model was published by
Asher & Clube (1993). Meteoroids are concentrated
within 60-70°in mean anomaly M (i.e. up to 30° or

Table 2.8: Displacement in mean anomaly AM of the
Earth from the swarm center. The reference dates are
June 23 and November 3. This revision was made in
April 2014 and follows the calculations published on p.
490 of Asher & Clube (1993) which ended with the line
for 2008,/2009.

so from the ‘resonance centre’) with a gradual decrease  Vear (June) AM  Year (Nov) AM
over about 10°at each end. Encounters are listed in
Table 2.8 for M within 40°of the centre. Calculations 1975 1° 1978 23°
were based on the dates November 3 (pre-perihelion) 1982 25° 1981 —18°
and June 23 (post-perihelion); in fact, the swarm spans 1985 —17° 1988 5°
a week to each side of these dates (and the entire Tau- 1992 7 1991 —36°
rid stream is even broader than the swarm). Negative 1995 —34° 1995 29°
AM means the swarm centre (resonance centre) is short 1999 30° 1998 —13°
of the Earth at the June or November date in question. 2002 —11° 2005 11°
Positive AM means the swarm centre is past the Earth. 2009 132 2008 _30:
The most recent suggested swarm encounters were ;81(23 _ggo ;81; f?o
due in 1995, 1998, and 2005. Indeed, the number of 9019 5o 9022 170
bright Taurids between late October and mid Novem- 9026 18° 9025 o0
ber 1995 was impressive. In 1998, the rates showed no 9029 930 9032 1o
significant increase, although a slightly enhanced por- 2036 1o 9039 930

tion of bright Taurids was recorded. The 2005 return
yielded a large number of bright to brilliant Taurid fire-
balls as well as enhanced ZHRs of 10-15 (Dubietis &
Arlt, 2007) from October 29 to November 10. Tests
of this resonant swarm model require careful analyses
covering years when the Earth does not encounter the
swarm as well as years when it does (McBeath, 1999;
Beech et al., 2004; Johannink & Miskotte, 2006). An
analysis of plotted visual meteors suggested that the

1995 activity was stronger from south of the ecliptic
(Triglav, 2000).

David Asher kindly provided us with the recent up-
dates of the swarm encounters (as of May 2014). He
pointed out, that if you want data for years beyond the
end of Table 2.8, note that the numbers come close to
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repeating every 61 years. This is because the swarm
orbital period happens to be close to 61/18 years. So
after the Earth goes around the Sun 61 times, and the
swarm 18 times, the relative configuration of Earth and
swarm repeats. Example: there was a good swarm en-
counter in 1954 (Asher & Izumi, 1998); so there should
be one in 2015.

Computer simulations showed that over many thou-
sands of years the swarm disperses across its orbit to
have a crossing time at the Earth’s orbit of 10 days
or so, while the mechanism of the 7:2 resonance with
Jupiter ensures that meteoroids remain concentrated
within part of the orbit. More precisely, an ‘equilibrium
distribution’ tends to be reached, in which meteoroids
are concentrated, at a fairly uniform level, in the cen-
tral £30° in mean anomaly. Then, there is a decline
over the next 10° or so at each end. Table 2.8 gives
years in which the Earth moves through the Taurids
at a time when the swarm arc is also intersecting the
Earth’s orbit.
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2.25 Leonids (013 LEO)

2.25.1 Synopsis

Period November 6-30

Maximum Ao = 235°27 (=~ November 17)
Radiant a=152° §=+422°

ZHRpax = var. 1 =2.5 Voo = 71 km/s

Parent body 55P /Tempel-Tuttle

Orbital elements of the stream
and comet 55P /Tempel-Tuttle

Q w i e q a P
Lindblad (1987); photographic
234°5 173°1 162°3 0.931 0.984aul5au 54yr
Lindblad et al. (1993); photographic
234°8 172°4 162°5 0.935 0.984aulb5au 60yr

55P /Tempel-Tuttle
23595 172°6 162°4 0.907 0.964au 10.3au 33yr

The Leonids are beyond doubt the most spectacular
meteor stream observed in the past 200 years. They
contributed enormously to the understanding of mete-
oroid streams over this entire period. The shower is
a periodic shower of which the Earth crosses the main
body every 33 years and causes very large meteor rates
at a few occasions. A sequence of such events was
observed in 1998-2002. Table 2.9 summarizes the ob-
served positions and peak rates as well as the predicted
values.

The radiant (Figure 2.52) rises only after local mid-
night as it is not far from the apex. Therefore the
Leonid meteors enter the Earth’s atmosphere with
Voo = 71 km/s which is close to the maximum possi-
ble collision velocity for Solar System objects.

2.25.2 Research

55P /Tempel-Tuttle was first observed by Wilhelm Tem-
pel in Marseilles, France, on 1865 December 19. It was
subsequently, independently, discovered by Horace P.
Tuttle on 1866 January 6 from Harvard Observatory in
the USA (due to the slow trans-Atlantic communication
then, this was readily possible). By the end of 1866, von
Oppolzer had computed the Comet’s orbit, and le Ver-
rier had published his calculated orbit for the ‘Novem-
ber meteors’. At the same time, but independently,
Peters (Germany), Schiaparelli (Italy) and von Op-
polzer (Austria) recognised the connection between the
Leonids and 55P /Tempel-Tuttle (cf. Littmann 1998).

A large number of observations of the period 1799-
1997 was compiled by Brown (1999). The storms of
1799, 1833, 1866, 1901, and 1966 all occurred at solar
longitudes considerably later than the passage of the
Earth at the comet’s node in the particular year.

The Leonid meteor shower has contributed a lot to
the progress of meteor science in the 20th century.
While the 1966 Leonid storm was observed by surprise,
the epoch near the end of the century was accompa-
nied by advanced theoretical modelling of the meteoroid
stream. An early prediction of the 1998/1999 Leonid
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Figure 2.52: Radiant drift of the Leonids.

storms came from Yeomans et al. (1996). The times
when the Earth passes through the orbital plane of the
Comet were considered the most probable moments of
high activity. These were 1998 Nov 17, 19P43™ UT and
1999 Nov 18, 148™ UT.

A model accounting for the orbital perturbations to
meteoroids was introduced by Kondrat’eva & Reznikov
(1985). Particles did not have the meaning of individ-
ual meteoroids, but were used as tick marks on a trail
of dust. Only a few test particles have to be integrated
over time and the arc running through them is evaluated
with respect to its minimum distance from the Earth.
The method is called ‘dust-trail method’ and has be-
come a powerful tool for predicting meteor storms since.
Leonid activity peaks of 1999-2006 have been success-
fully predicted by this method by McNaught & Asher
(1999).

The modelling of a full stream where number densi-
ties of particles in space are direct indications for the
meteoroid influx is computationally demanding. As
many as 3 million particles were ingrated by Brown &
Jones (1996) to explain the Leonid showers of 1902 and
1965. The model also predicted the heightenend activ-
ity in 1997-2001 or 2002 with highest rates in 1998-2000
at A\ = 235°6. Table 2.9 summarizes the predictions
and observational data of the dust trail encounters in
the period 1998-2008.

The 1998 Leonids clearly demonstrate the effect of
the population index r on the shape of the ZHR (Fig-
ure 2.53) and flux profiles. The highest ZHRs are caused
mainly by larger meteoroids (Figure 2.55), while the
lower peak close to the 2-revolution trail at 23593 is
mainly due to smaller meteoroids (Figures 2.54). The
2001 data clearly show a higher population index r (Fig-
ure 2.57) at the positions of the rate peaks (Figure 2.58).

Uchiyama (2002) was able to separate the two 4- and
9-revolution dust trails by assuming different popula-
tion indices.

Rendtel et al. (2000) detected short periodic varia-
tions of the order of 3 minutes duration in the ZHR
(oscillations) in the 1999 Leonid data. These hint at
structures of about 3000 km size. There is also a num-
ber deficiency at faint magnitudes.
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Figure 2.53: Activity profile of the 1998 Leonids with the broad fireball maximum (see also the cover photo) and

the additional peak due to the 2-revolution dust trail.

Table 2.9: Predicted and observed encounters with Leonid dust trails between 1998 and 2008. ‘Trail’ denotes the
age since the particle ejection (in comet revolutions). ‘Time’ lists the day (of November) and UT of the peaks.

Year  Trail Predicted Observed  Pred. Observed Predicted Observed Figure
(rev.) time time Ao Ao ZHR ZHR
1998 2 17, 19230™ 17,20"33™  235°27  235°31140°007 - 136+ 5 2.53
20 17, 020 17, 01h55™  234°55 234 °52840 °006 - 357+ 11
1999 3 17, 02h0o8™ 17, 02h02™  235°29 235928540 °001 1500 3700£100 2.56
2000 2 17, 07h52™ 17, 08h07™  235°27 235°28 40 °01 215 130+ 20
4 18, 07h52m™ 18, 07h12™  236°28 236 °25 40 °01 700 480+ 20
2001 4 18,18h20m(1) 18, 18"16™ 236°44 236 °45840 °003 6100 3430+ 90 2.58
7 18, 10728™(2) 18, 10"39™ 236°11 236 °137-+0 °003 2000 1620+ 40
9 18,18"03™(3) 18, 18"02™ 236°41 236 °448+0°003  1500-2000 2830+ 70
2002 7 19, 03h53™ 19, 04"10™  236°60 236 °61640°001 2600+ 200 2510+ 60
4 19, 10h29™ 19, 10M47™  236°88 236 °89440°001 32004200 29404210
2003 15 13, 17h17™ 13, 180 236°89 230°9 +0°3 120 25+ 8
8 19, 16"50™(4) 19, 15" 236°89 236°8 +0°2 70 63+ 4
2004 20 19, 01"30™(5) 17, 21" 237°00 235°8 40°1 10 37+ 4
8 19, 21749™(6) 20, 00"10™ 237985 237995 +0°03 30 26+ 3
2005 21, 01h10™ - 238°74 - <50 -
2006 2 19, 04h45™ 19, 04M46™  236°61 236 °61340 °004 150, 600 75+ 8
2007 8 20, 01h15™ 18, 23h50™  237°22  236°15 40°07 10 35+ 5
2008 2 18, 21h38™ - 236 °80 - 10-100 -
16 17, 01h32™ 17, 02h04™  234°95 234°97 +0°02 100 98+ 14

1) 17"55M-18"20™ see Gural et al., 2004.

2) 09"55™-10"28™ - see Gural et al., 2004.

3) 17708™-18"03™- see Gural et al., 2004.

4) erratum by Lyytinen to Vaubaillon et al., 2003.

5) pred. by Lyytinen; Vaubaillon: 06h42“1 MCNaught & Asher: 06"40™,
)

(
(
(
(
(
(6) pred. by Vaubaillon; Lyytinen: 19}]00“1 21 49m McNaught & Asher: 21 hogm,
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Figure 2.58: Activity profile of the 2001 Leonids with their two encounters of young dust trails — both composed
of a high fraction of small meteoroids as indicated by their higher r (Figure 2.57).
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Figure 2.55: Flux density profile of the 1998 Leonids for
particles larger than 1 g, coinciding with the first ZHR
peak in Figure 2.53.

Figure 2.57: Population index profile of the 2001
Leonids with their two encounters of young dust trails.
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2.26 a-Monocerotids (246 AMO)

2.26.1 Synopsis

CHAPTER 2. SHOWER DESCRIPTIONS

Period November 15-25

Maximum Ao = 239°3 (= November 21) |
Radiant a=118 §=+1°

ZHR,ax = 3; variable r =24 Voo = 65 kim/s
Parent body unknown

Orbital elements of the stream
(Jenniskens, 2006, photographic, DMS

Q w 7 q a

599322 90°66 134°13 0.488au (500au)

This shower is active from November 15 to 25 with
a weak maximum occurring on November 21 and a ra-
diant position which allows useful observations from al-
most all latitudes (Figure 2.59). Sometimes the shower
is listed as ‘November Monocerotids’ (Lindblad, 1987)
in order to distinguish it from the better known Mono-
cerotids in December. The maximum activity of the
a-Monocerotids is variable with ZHRs usually close to
the visual detection limit (Figure 2.60. As described
below, occasional ZHRs over 100 have been recorded
within short time intervals. The typical duration of the
observed outbursts was of the order of 15 minutes only.

The shower has been recognised the first time on
20/21 November 1925, when the American observer
Bradley recorded 37 meteors in 13 minutes between
23102m-23"15™ (Eastern Standard Time, not men-
tioned; EST = UT — 5") in Crozet, Virginia (Olivier,
1926). However, the shower was over after this burst,
and when Bradley got out his charts after 2325™ lo-
cal time no further shower meteors appeared. Bradley
was not able to determine a radiant, but some other
observations led to a (uncertain) position at ov = 97 °5,
0 = 4895 (Olivier, 1926).

Since the 1925 event, the a-Monocerotids have pro-
duced two further fine displays in 1935, as seen by
Khan in India (Olivier, 1936) and in 1985 by Baker
and Ducoty (1986) in the USA.

2.26.2 Research

In 1995 another outburst was predicted (Jenniskens,
1995) and successfully observed with different methods.
The peak ZHR reached 450 (Figures 2.61 and 2.62) and
lasted for about 40 minutes (Rendtel et al., 1996; Jen-
niskens et al., 1997).

The observers had the impression that the shower was
poor in bright meteors. Indeed, a cut-off at —1 mag was
found, and the shower was indeed dominated by ‘large’
meteoroids. Further, there was a lack of sodium found
in the spectra (Borovicka et al., 2005) thus making a
significant difference in the appearance of the meteors.

Long-period comets may produce coherent dust
trails—a compilation is given by Jenniskens (2006; 193—
200) and Lyytinen & Jenniskens (2003). These trails
wave around, reflecting the motion of the main planets
around the Sun (Jenniskens, 2006; pp. 179ff)
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Figure 2.59: Radiant drift of the a-Monocerotids.
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Figure 2.60: Activity of the a-Monocerotids from visual
observations stored in the VMDB covering the period
1988-2007 using a constant r = 2.4 over the activity
period. The zenith correction included the standard
sine term (no zenith coefficient v > 1.0) and allowed
only intervals with a radiant elevation of > 20°. The
1995 return (outburst) is excluded here. Further, the
1998-2002 returns interfering with the strong Leonid
peaks are excluded from the data set to avoid effects
due to the high activity and probable disregard of minor
sources.

A small chance for another outburst is calculated for
2019 November 22, 04"52™ UT. However, the minimum
distance to the dust trail is not very favourable (Lyyti-
nen & Jenniskens, 2003: minimum distance to the trail
—0.00036au). Further in the future, there will be a
close encounter on 2043 November 22, 10"58™ UT, with
a minimum distance of —0.00008 AU. The expected ra-
diant is at @ = 117°, 6 = +1° in both cases (Lyytinen
& Jenniskens, 2003).
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about 3000 km (Rendtel et al., 1996).
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2.27 Phoenicids (254 PHO)

2.27.1 Synopsis

Period November 28-December 9
Maximum Ao = 254 225 (=~ December 6)
Radiant a=18°> §=-53°

ZHRynax = variable r=2.8 V,, =18 km/s

Parent bodies D/1819 W1 (Blanpain)

and 2003 WY25

Orbital elements of the stream
and the parent objects
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Jenniskens & Lyytinen, 2005 (obs. 1956)

74°14 358°1515°93  0.985au (3.05au)
D/1819W1 (Jenniskens & Lyytinen, 2005: obs. 1956)
75°20 359°729°56 0.9966 au 3.03 au

2003 WYg5 (Jenniskens & Lyytinen, 2005: orbit (a))
74218 360°59 9°64 0.9967 au 3.03 au

This shower is only visible from the southern hemi-
sphere (Figure 2.63). Meteors can be seen from Novem-
ber 28 to December 9. There is a gradual rise to a max-
imum on December 6, and although the maximum ZHR
is usually below 3, on odd occasions much greater rates
have been recorded. Jenniskens (1995) lists four such
events of which three are based on single reports only.

2.27.2 History

On the evening of 1956 December 5, visual observers
from South Africa, New Zealand, Australia, and from
some ships, counted up to a hundred meteors per hour
(Ridley, 1962). However, only a few of the listed re-
ports can be used to derive a rate (Rendtel, 1996).
The observations cover the period between 10*10™ to
22145™ UT, but they do not allow an estimation of the
time of the maximum. Ridley finally adopts 1956 De-
cember 5, 19" UT.

Furthermore, the radiants given by the individual ob-
servers differ considerably from each other. Consider-
ing only reports based on more than 10 possible shower
meteors, one gets radiants between o = 10 — 70° and
0 = —45 — —58° (Table I of Ridley, 1962). The adopted
radiant at o = 15°, § = —45° refers to meteor plots
from one observer (Venter of South Africa).

Weiss (1958) conducted Adelaide (Australia) radar
observations of this event. He derived a radiant at a =
15°, 6 = —55°. The radar count rates reached only 30,
which has been explained by Weiss in terms of the time
of the observation (11700™ to 12"30™ UT) and the low
ionizing efficiency of slow meteors. However, no velocity
was measured either visually nor by radar.

2.27.3 Research

Jenniskens (1995) lists three other occurrences of the
Phoenicids in 1887, 1938 and 1972, but gives no refer-
ences. The events are based only on one report each

Figure 2.63: Radiant drift of the Phoenicids.

and should be regarded as uncertain. No further ac-
tivity of this shower has been reported in the subse-
quent years after 1956. Visual observers of Australia
noted low ZHRs of the Phoenicids during their regular
campaigns in the 1980s (NAPOMS Bulletins 55, 132,
173, and 280), with an activity already below the de-
tection limit in 1988 (anon., 1988). The data stored in
the VMDB also reveal rates at the detection limit and
hence cannot yield a rate profile.

The Minor Planet 2003 WYs95 is among the mete-
oroids causing the Phoenicid shower and may be a rem-
nant of comet D/1819W1 (Blanpain). Backward inte-
gration of 2003 WY 5 to 1819 shows agreement in angu-
lar elements to 0.2 day accuracy. This proves the associ-
ation, with no better agreement expected because of the
poorly determined orbit of D/Blanpain (Jenniskens &
Lyytinen, 2005). 2003 WY25 is suggested to be a frag-
ment of ~ 400m in diameter, broken up shortly before
or during the 1819 return. New observations strongly
support the identification of 2003 WY 35 with the lost
comet D/1819 W1 (Blanpain) made on the basis of dy-
namical similarity. It also shows that 2003 WYs5 is a
continuing but weak source of particles for the Phoeni-
cid meteoroid stream (Jewitt, 2006).

Forward integration of the perturbations on the dust
trail that would be generated in such a breakup shows
that this dust accounts for the 1956 outburst of Phoeni-
cids and establishes the link between the meteoroids
and the Comet (Jenniskens & Lyytinen, 2005; Watan-
abe et al., 2005). This new result adds further evidence
to a new paradigm: that most of our short-period me-
teor showers are due to the breakup of comets. These
showers as well as the remaining fragments include at
least the Geminids (3200 Phaethon), the Quadrantids
(2003EH;), the Daytime Arietids (Marsden group of
sunskirters), the Andromedids (fragments of 3D /Biela),
and now also the Phoenicids (2003 WY35).

Nevertheless, it seems that this shower currently does
not show any observable activity. As in the case of
other periodic or occasionally active showers, the ob-
servers should include the period in their observing ef-
forts. Since the 1956 event lasted longer than other out-
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bursts, a good coverage of the period may help in col-
lecting reliable data on the current status of the shower.
Since it will be at the detection limits, plotting of me-
teors is advised.
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2.28 Puppid-Velids (301 PUP)

2.28.1 Synopsis

Period December 1-15

Maximum Ao = 255° (= December 6)
Radiant a=123° §=—45°
ZHRpax =10 7 =29 Voo = 38 km/s
Parent body  unknown

Orbital elements of the stream

Q w i e q a P

Gartrell & Elford (1975), radar

83° 360°  70° 0.2 0.98au l.3au 1.5yr
Nilsson (1964), radar
78° 345°  70° 0.5 098au 2au  2.8yr

There are indications of a number of radiants active
in the Puppis-Vela region (several numbers assigned in
the TAU data base) from late October through February.
The radiant listed in the synopsis table represents to
some extent the “average” position and coincides with
the parameters given as 301 PUP (see below). Activ-
ity from this region was noticed by Hoffmeister (1948)
during his observations in Southwest Africa and may
extend beyond the dates given here. Generally, the
Puppids-Velids (Figure 2.64) produce about 2 meteors
per hour over most of this time, but they are more ob-
vious during the first half of December, when rates can
exceed 5 meteors per hour (Figure 2.65).

Obviously there are several sub-centres active.
Gartrell & Elford (1975) found different radiant posi-
tions for the consecutive dates December 6, 7, and 8.
Outside the period listed here, not only the rates are
lower, but also the radiants appear more dispersed, ex-
cept perhaps for the Centaurids in January—February.
Hence a radiant diameter of 20° should be used for
shower association. Plotting is strongly recommended
for visual observations, which in combination with other
optical and radar techniques may help to answer some of
the open questions about this shower complex. It is im-
possible to distinguish between the various sub-radiants
from only counting meteors.

Since the Puppid-Velids are now a collection of what
was regarded as a larger number of sub-radiants before,
the amount of consistent data is still low. From 1992
onwards, there are 139 reports of meteors associated
with that complex. Unfortunately, the period of the
major activity around Ag = 255° is not yet sufficiently
covered with data. Close to this longitude, the IAU
database includes:

305 SPU o-Puppids: a = 102°, § = —45°
300 ZPU (-Puppids: a = 123°, 6 = —43°
301 PUP ~-Puppids: o =123°, § = —45°
302 PVE b-Puppids: o = 128°, § = —45°
303 LVL  A-Velids: « = 133°, § = —46°

all with velocities between 33 and 39 km/s.
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Figure 2.64: Radiant drift of the Puppid-Velids.
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Figure 2.65: Activity of the Puppids-Velids from visual
observations stored in the VMDB covering the period
1988-2007 using a constant r = 2.9 over the activity
period. The zenith correction included the standard
sine term (no zenith coefficient v > 1.0) and allowed
only intervals with a radiant elevation of > 20°.

2.28.2 Research

The Apollo asteroid (2102) Tantalus, discovered in
1975, has been associated with the Puppid-Velid com-
plex (Drummond, 1982; Olsson-Steel, 1987; Hasegawa
et al., 1992). However, the theoretical radiant position
(v = 134°, § = —45° for December 26), the node and
the semimajor axis of the stream (which is larger than
that of (2101) Tantalus) do not fit the observed values
very well (Hasegawa et al., 1992).

Recent southern hemisphere radar data (Janches et
al., 2013) yield two radiants representing the average
Puppid radiant position and activity period and show
two radiants in the vicinity, supporting the above as-
sumption of a longer activity period. The radar data
show the ¢-Puppids (300 ZPU) between \g = 234° and
240° (earlier than in the Table) and the y-Puppids (301
PUP) coinciding with the data listed here. The other
two radiants are given as n-Carinids (313 ECR) between
Ao = 280° and 291° in early January and slightly south
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near 0 = —51° and b-Puppids (302 PVE) in a short in-
terval (274°-276°).
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2.29. MONOCEROTIDS (019 MON)

2.29 Monocerotids (019 MON)

2.29.1 Synopsis

Period November 27-December 17
Maximum Ao = 257° (=~ December 8)
Radiant a=100° ¢§=28°

ZHRpax =2 1 =3.0 Voo =42 kim/s
Parent body C/1917F1 (Mellish)

Orbital elements of the stream
and C/1917F1 (Mellish)

Q w i e q a P

Sekanina (1973), radar

68°0 141°2 24°7 0.119au 7.11au
Jenniskens (2006)
80°2 12891 35°2 0.193au 50.7au

C/1917F1 (Mellish)
88°67 12193232968 0.993 0.190au 28au 145yr

The December Monocerotid radiant (IAU number
019) is quite close to the radiants of the Geminids and
the o-Hydrids (Figure 2.68). Hence the shower asso-
ciation from visual observations may become difficult,
particularly because the velocities of the Geminids and
the Monocerotids are similar. A careful selection of the
observing direction helps if the radiants do not line up.
Hints given in Chapter 3 need to be applied (see also
the example of shower association just dealing with this
period of the year).

So far, most Monocerotid observational data have
been obtained during the Geminid activity. As a con-
sequence, the first 10 days of the Monocerotid activity
have remained almost unexplored and thus we are left
with a rather incomplete picture of the stream activ-
ity (Figure 2.66). Analyses have generally yielded very
low rates, often just 1 to 2 Monocerotids per hour, and
there is no obvious maximum. Some reports indicating
a maximum at the same time as the Geminids should
be treated with care. Our analysis (Figure 2.66) shows
that there is no obvious effect of Geminid meteors ‘pol-
luting’ the Monocerotid sample near their peak (around
Ao = 262°2).

This shower had not been reported until Whipple
(1954) determined two meteor orbits from photographic
surveys, with a radiant at a = 103°, 6 = +8°. In ad-
dition to these two shower meteors, McCrosky & Posen
(1961) found further photographic Monocerotids. Oht-
suka (1989) lists 15 respective orbits, and he argues
that also those listed by Kresikovd (1974) belong to
this shower. Radar data of Gartrell & Elford (1975)
yielded a slightly different radiant (o = 106°, 6 = +6°).
A summary of radiant position determinations and or-
bits obtained by radio methods is given by Lindblad &
Olsson-Steel (1990).

2.29.2 Research

The orbit of the photographic Monocerotids indicates
a link with Comet D/1917F1 (former designation
P/Mellish) as shown in Figure 2.67. The long period
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Figure 2.66: Activity of the Monocerotids from visual
observations stored in the VMDB covering the period
1988-2007 using a constant r = 3.0 over the activity
period. The zenith correction included the standard
sine terms (no zenith coefficient v > 1.0) and allowed
only intervals with a radiant elevation of > 20°.

Mean Mon, /,' /P/Mellish

Figure 2.67: Orbit of comet D/1917F1 (P/Mellish) and
the Monocerotids (Ohtsuka, 1989).

and very small perihelion distance of the Monocerotid
stream is unusual. The probability of a chance associa-
tion of the orbits of the Monocerotids and the comet is
small (Lindblad & Olsson-Steel, 1990).

Furthermore, the Monocerotids may be responsible
for a number of ancient fireballs (Astapovich & Terent-
jeva, 1968). Investigations of the orbital evolution indi-
cates that the fireballs are possibly related to the Mono-
cerotids rather than the Geminids (Fox & Williams,
1985). Both the orbits of D/1917F1 and the meteor
shower are very stable.

Considering this, it is rather surprising that there are
only weak hints of earlier visual observations. Hoffmeis-
ter (1948) lists a radiant at o = 92°, § = 49° (1950)
based on two separate notes: a = 91°, 6 = +11°
from one of his southern hemisphere expeditions, and
a =92° § = 47° from observations in Germany.
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2.30. o-HYDRIDS (016 HYD)

2.30 o-Hydrids (016 HYD)

2.30.1 Synopsis

Period December 3-15

Maximum Ao = 260° (= December 11)
Radiant a=127" §=+2°
ZHRpax =3 7 =3.0 Voo = 58 km/s
Parent body unknown

Orbital elements of the stream

Q w i e q a P

Lindblad (1987), photographic)

77°8  120°8 127°4 0.978 0.249aullau 37yr
Porubcan & Gavajdové (1994), photographic

73°2  114°4 132°5 0.991 0.294aud7au 220yr
Ueda & Fujiwara (1994), video

80°4 11892 134°1 0.99 0.26au 46au 320yr

Jenniskens (20006)

84°4 124°0 124°9 0.224aul2.3au

Very little is known about this shower which is listed
in many shower compilations, but no systematic investi-
gation of it has yet taken place. With an activity period
which almost entirely coincides with that of the Gem-
inids and a radiant close to the celestial equator (Fig-
ure 2.69), this shower offers excellent possibilities for
all observers. The radiant rises over the course of the
night. Only observations after midnight will yield use-
ful o-Hydrid data. This may be an additional reason for
the low number of o-Hydrids in the data samples. Our
analysis of data collected over 20 years (Figure 2.70)
yields ZHRs below 3, although at a few occasions higher
ZHRs have been found. The Hydrid maximum occurs
before the Geminid peak, and the analysis shows no in-
crease of the Hydrid rates at the Geminid peak position.
This indicates that there is little or no pollution from
the major shower.

There are no reliable reports of this shower in the
distant past. Some radiants mentioned in 19th century
lists may refer to this shower, and Hoffmeister (1948;
appendix I) lists five ‘convergences’ found during his
observations in Southwest Africa in 1937. However,
the first clear indication came only when McCrosky &
Posen (1961) published orbital elements from photo-
graphic surveys. The shower is present in photographic
orbital data (Lindblad, 1971), and it can also be found
from fireball data (Porubcan & Gavajdova, 1994) as
well as in investigations using video systems (Ueda &
Fujiwara, 1995; Molau, 2007).
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Figure 2.69: Radiant drift of the o-Hydrids. The higher
velocity helps to distinguish the o-Hydrids from the
slower Geminid and the Monocerotid meteors (see Fig-
ure 2.68).
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2.31 Geminids (004 GEM)

2.31.1 Synopsis

Period December 7-17

Maximum Ao = 262 °2 (=~ December 13)
Radiant oa=112° §=33°

ZHRmax =120 r =2.6 Voo = 34.6 km/s

Parent body (3200) Phaethon

Orbital elements of the stream
and (3200) Phaethon

Q w i e q a P

Jenniskens 2006; DMS, photographic

261°49 324 °42 24 °02 0.141aul.372au
Jenniskens 2006; radar
259°2 324°9 23°9
(3200) Phaethon

265 °394 22?19 0.890 0.140aul.271au

0.141aul.376 au

The position of the radiant (Figure 2.68) allows ob-
servations essentially during the entire night in mid-
northern latitudes with low elevations only in the early
evening. The high hourly rates, the shower’s richness
in bright meteors and the fact that this major shower
is still poorly observed should motivate visual observers
and photographers to defy the cold December nights.

For most major showers, there are detailed reports of
rich appearances which occurred many centuries ago.
Yet the Geminids were not noticed before the 19th
century. The first indications of the Geminid meteor
shower were published by Quételet (1841, 1861), who
mentioned high meteor activity on 1830 December 12—
13 at Heiligenstadt (Germany), from where 40 fireballs
were reported. No details such as radiant positions,
hourly rates, etc., are available from these early obser-
vations, and in fact, only the dates suggest that these
are early observations of Geminid activity at all. Most
authors cite Greg (1872) as the ‘discoverer’ of the Gem-
inids in 1862. From 1862 onwards, Denning mentions
the Geminid radiant in successive years. Rates were not
very high, but the radiant was easily detectable.

The first observer to watch the Geminids carefully
was Dole from Massachusetts, USA, in 1901, 1908 and
1910. Dole (1911) wrote: Next to the Perseid shower
in August, the Geminids seem to be the most consistent
meteor shower. The main reason for the lack of reports
on the shower’s intensity is that all the leading meteor
workers of the period were interested in visual radiant
studies only.

2.31.2 Research

Recent activity

Visual observations collected over 60 years (1944-2003)
show that the rate profiles and values of the popula-
tion index r near the activity peak are rather constant
over the entire period (Figure 2.71). The peak activity
is characterized by a plateau in the profile with a ZHR
between 120 and 130 lasting for about 12 hours between
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Figure 2.71: Average r-profile from the moonless Gem-
inid returns 1991-2001 (Rendtel, 2005).

Ao =261°5+0°15 and 262 24+ 0°05 (Rendtel, 2005).
A double peak as seen in Figures 2.72 and 2.73 is ex-
pected from Jones’ work (1982) as well as from Ryabova
(2001). The ZHR profiles of 1991 and 1993 show some
fine structure. Similar variations of about 10% of the
ZHR, can be found in other profiles (Rendtel, 2005).
Because of the Geminid’s short periodic orbit, no low-
order resonances are to be expected. Possible reasons
for such structures can be planetary perturbations or
remains of particle ejections at different revolutions of
the parent. More probably, different ejection trails are
subsequently disturbed by the planets and cause the
Earth to cross the structures at different positions.

Modelling the Geminids is very
hard to model (Vaubaillon, 2013:
http://www.imcce.fr/en/ephemerides/phenomenes/
meteor/predictions.php). Considering the past orbit
of 3200 Phaethon the main activity does not appear
but an activity extending well behind the maximum
period. Hence observers should carefully consider also
the post-maximum period for systematic observations.
Analyses of visual data concerning the late part of
the peak profile show some interesting features, too
(Rendtel, 2005). Observers are asked for observations
covering the entire activity period to collect suitable
data to check with the models.

Peculiarities of the stream

The orbit of the Geminids is unusual among the known
major showers with its very small perihelion distance
(¢ = 0.14 au), its high eccentricity of e = 0.89 and
its short orbital period P = 1.43 yr which have caused
problems for the classification of the shower.

The general appearance and behaviour of the Gemi-
nid meteors is peculiar: unlike meteors of other showers,
their beginning heights do not increase with the mete-
oroid mass (Koten et al., 2004). The average luminous
end heights of Geminid meteors are well below 80 km
(e.g., Betlem et al., 1994b). The bulk density is about
3gcm ™2 (Ceplecha & McCrosky, 1992; Babadzhanov,
2002). The Geminid meteoroids are severely depleted
in Na and also in other volatiles (Borovicka, 2006). At
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Figure 2.72: ZHR profile of the 1991 Geminids (Rend-
tel, 2005).
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Figure 2.73: ZHR profile of the 1993 Geminids (Rend-
tel, 2005).

the low perihelion distance of 0.14 au, the meteoroids
are heated by solar radiation to about 700 K. Borovicka
et al. (2005) found that all small meteoroids with peri-
helia of less than 0.2 au are completely depleted in Na
and compacted. Elsewhere in the stream, the Na de-
pletion is not complete and varies from one meteoroid
to another (Borovicka, 2006). This suggests that the
meteoroids are of various ages or originate from vari-
ous depths inside Phaethon. Borovicka argues in the
same paper that the high strength is not an evidence
of their asteroidal origin. The Fe/Mg ratio is similar to
Halley type cometary material and suggests cometary
origin of the Geminids, Phaethon and other members of
this complex. The material strength of the meteoroids
is also obvious from a bright Geminid which probably
dropped a meteorite (reported by Borovicka during the
Meteoroids 2013).

Parent object

Little is known about the asteroid (3200) Phaethon. Al-
though it moves on an orbit with an aphelion slightly
outside the Earth’s orbit, there are long periods dur-
ing which the asteroid hardly gets brighter than mag-
nitude +18. Phaethon could be the degassed nucleus
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of a comet. This is supported by observations of an-
other Apollo asteroid, 1999 YC, reported recently (Ka-
suga & Jewitt, 2008). 1999 YC perhaps shares a dy-
namical association with the Phaethon-Geminid stream
complez (Ohtsuka et al., 2006) which also includes
155140 (2005 UD). Kasuga and Jewitt found that the
total mass loss of 1999YC is very low (of the order
of 107 kg), while the assumed Geminid stream mass is
about 10'? — 102 kg. Therefore, Kasuga and Jewitt
suggest that the stream may be the product of a catas-
trophic rather than a steady breakup of the parent ob-
ject. Ohtsuka et al. (2006) argue that 155140 (2005 UD)
may be a split nucleus of Phaethon. The (Daytime) Sex-
tantid shower seems to be more closely associated with
155140 (2005 UD) than 3200 (Phaethon).

Modelling of the stream

Ryabova (2001) showed from mathematical modelling
of the stream evolution that particles ejected before
and after perihelion passage of the parent body form
two branches of evolution. The meteoroids form two
sheets in space crossing each other like sissors. Such an
evolution may explain the double peak structure of the
activity curves of the Geminids. Ryabova (2001) com-
piled radar and visual peak timing covering meteoroid
masses from less than 107° g to almost 0.1 g. The split-
ting between acivity maxima is as large as 6° in solar
longitude for the smallest particles and diminishes to
0 °3 for the largest meteoroids.

The model by Ryabova (2004) provides flux density
profiles and mass index profiles at various cross-sections
through the stream. Visual and radar observations may
give the necessary calibration of the model in order to
give it predictive power. The theoretical stream struc-
ture is shown in Figure 2.74.

Another attempt was published by Ryabova (2007).
Several authors have summarized that “modelling the
Geminids is very hard”. A conclusive report was given
by Ryabova (2014). Model calculations of Vaubaillon
(see IMCCE website) are based on the past orbit of
(3200) Phaethon. Obviously this does not reproduce
the observed main activity but a possible later peak.
Analyses of the Geminid profile over decades also indi-
cate peculiarities at the end of the high activity plateau
(Rendtel, 2005). Both may be weak indications for ac-
tivity extending behind the maximum period. Hence
we want to encourage observers to continue observa-
tions over this late section of the Geminids. With a
suitable data set we may be able to check the models.
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2.32. DECEMBER LEONIS MINORIDS (032 DLM)

2.32 December Leonis Minorids
(032 DLM)

2.32.1 Synopsis

Period December 5 — February 4
Maximum Ao = 268° (= December 20)
Radiant a=161° §=30°

ZHRpax =5 7 =23.0 Voo = 64 km/s
Parent body unknown

Meteor shower compilations listed the Comae Bereni-
cids as a minor source in December. Observational data
showed that there is another radiant producing slightly
higher rates over a longer period.

2.32.2 Research

A recent analysis (Molau & Rendtel, 2009) yielded the
December Leonis Minorids (DLM) as the shower re-
sponsible for this activity (Figure 2.32.2), although the
rates of this high-inclination shower are also very low.
However, due to the generally low rates especially in
January, activity from the DLM radiant can be detected
until early-February. A parent object is not known.

Figure 3.75: Radiant drift of the December Leonis Mi-
norids as determined from video data.
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2.33 Comae Berenicids
(020 COM)

2.33.1 Synopsis

Period December 12-December 23
Maximum Ao = 264° (=~ December 16)
Radiant a=175° §=18°

ZHRyax =5 r=3.0 Voo = 64 km/s
Parent body unknown

Orbital elements of the stream

Q w i e q a P

Lindblad 1987, photographic
283°1 262°2 136°0 0.961 0.560auld.6au 55yr

Rates are very low and inferior to the December Leo-
nis Minorids (DLM) described above, usually 1 or 2 per
hour, and some care must also be taken in order to not
associate fast sporadic meteors from the Apex Source as
Comae Berenicids with their radiant east of the DLM
(Figure 2.76. The drift and position shown here are
derived from video data (Molau & Rendtel, 2009).

2.33.2 Research

This shower has not been associated successfully with
a parent object. Whipple (1954) found a coincidence
between a meteoroid orbit (meteor 1918 photographed
on 1950 January 20) and the Comet Lowe (1913 I). Al-
though there were some attempts to calculate an orbit
of the Comet (Viljev, 1913a, 1913b), this must be re-
garded as a mere speculation. The Comet was seen by
B. Lowe of Laura, Australia, on 1912 December 31, and
four further days until 1913 January 9. He did not an-
nounce his discovery and observations until January 7,
and a search at Adelaide on January 8 as well as further
searches failed to locate the Comet. The positions re-
ported by Lowe were so rough that the path of it could
not be determined with any certainty (Dodwell, 1913).

Despite this, Whipple (1954) still hoped that ‘if fu-
ture meteor observations confirm the association, we
may learn more about the orbit of Comet Lowe by me-
teor studies than we can glean from direct observations’.
The comet is not included in the catalogue of cometary
orbits (Marsden & Williams, 1995 and subsequent edi-
tions).
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2.34. URSIDS (015 URS)

2.34 Ursids (015 URS)

2.34.1 Synopsis

Period December 17-26

Maximum Ao = 270°7 (= December 22)
Radiant a=217° 0 =+76°

ZHRpax =10 r=3.0 Voo = 33 km/s
Parent body 8P /Tuttle

Orbital elements of the stream
and 8P /Tuttle

Q w i e q a P
Lindblad 1987, photographic
270°66 207°5 5296 0.836 0.958aub.8au 14yr
8P /Tuttle
270°5 206°7 54°7 0.824 0.998aub.6au 13.5yr

This radiant (Figure 2.77) is circumpolar for ob-
servers at mid-northern latitudes. While the Ursids can
be observed all night, their radiant reaches somewhat
higher altitudes after midnight. On average, an ob-
server may expect about 10 Ursids per hour close to
the maximum. The Ursids have produced short bursts
of higher activity at several occasions and will continue
to do so (Table 2.10). Most outbursts occurred when
the Comet was away from its perihelion.

In 1945, on December 22 at 16"30™ UT, Slovakian ob-
servers at the Skalnaté Pleso observatory reported unex-
pected meteor activity. Bec¢var (1948) computed a ZHR,
of 170 and a radiant at o = 233°4+1°, § = 82 26+0 °9.

This surprisingly high ZHR has been quoted in most
reports for this event, but Ceplecha (1951) recomputed
the rates and found a ZHR of the order of 50. Slovak
observers watched for the Ursids again in 1946 when
rates were at a very minor level, with the radiant at
a=217°+0°8, 6 = 76741 °0. In the next few years,
maximum rates were observed to be inferior to 15.

The 1981 return of the Ursids also gave higher ZHRs
than ususal (see Table 2.10). The maximum occurred
on 1981 December 22 at Ag = 270 °82 (Ohtsuka, 1995).
Another unusual peak in Ursid rates occurred around
20" UT on 1986 December 22 (Roggemans, 1987). The
ZHRs exceeded 50, but unfavourable observing condi-
tions may have led to overestimating rates. Some details
of this event are discussed by Jenniskens (1995). As in
the case of the 1945 Ursid activity outburst, 8P /Tuttle
was much closer to its aphelion than to the perihelion
position. This outburst happened exactly three revolu-
tions after the 1945 event.

Another observation of enhanced rates has been re-
ported for the 1994 return (Ohtsuka et al., 1995).
The highest ZHRs occurred around 1994 December 22,
18810m UT (A\g = 270°75). Rates well above the av-
erage have also been reported in 2000 (ZHR = 90) on
December 22, 08"06™UT 47™(Jenniskens & Lyytinen,
2001; Jenniskens, 2001), in 2004 (ZHR = 48) and in
2007 (ZHR = 34) on December 22, 21"16™UT (IMO
web page). The 2007 event was badly affected by moon-
light. Video data do not show a great difference between
the 2006 and 2007 numbers (Molau, 2008).
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Figure 2.77: Radiant drift of the Ursids.

The 1945 outburst was caused by a dust trail from
1392, and the 1986 outburst is an encounter with the
1378 dust trail (Jenniskens et al., 2002). Encounters
with dust trails of 1405 and 1392 caused the well-
observed outburst in 2000.

2.34.2 Research

Comet 8P /Tuttle has a 13.6-year orbit, passing just out-
side the Earth’s orbit. Meteoroids may become trapped
in the 6:7 mean motion resonance with Jupiter, while
the Comet librates around the 13:15 resonance which
yields a slightly shorter period (Jenniskens et al., 2002).
Over about six centuries, the perihelia of the mete-
oroid orbits decrease until they intersect the Earth’s or-
bit. In the same time the meteoroids separate in mean
anomaly by 6 years from the Comet (Jenniskens et al.,
2007). Hence, the outbursts occur about 6 years after
the Comet’s perihelion passage.

Other activity enhancements also occurred when the
comet was close to its perihelion. This was observed in
1980 as well as 1993 and 1994 (Jenniskens, 2006). The
reason for these near-comet outbursts is not yet clear
(Jenniskens et al., 2007).

Modelling of the stream evolution by Lyytinen (1999
model) and by Vaubaillon (2005 model) yield slightly
different results (for details, refer to Jenniskens et al.,
2007). Table 2.10 summarizes the information given in
that paper. Observations of the 2008 and future returns
may not only provide further insight in the stream, but
also in the conditions of dust ejection of the parent
comet 8P /Tuttle.
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Table 2.10: Calculated circumstances for the encounter with dust trails of 8P /Tuttle ejected AD 307-788 with
minimum distances < 0.0015au to the Earth’s orbit (model by Lyytinen) and AD 700-900 dust trails with
minimum distances < 0.002au (model by Vaubaillon) published by Jenniskens et al. (2007).

Lyytinen model Vaubaillon model
Year Ao Day  Time ZHR ZHR Ao Day Time ZHR ZHR
AD | (J2000) Dec. (UT) 413-788 307-788 | (J2000) Dec. (UT)  calc. obs.
1980 | 270°90 22 07P40™ 111 156 270°80 22 05P24™ 25 -
1981 | 270°90 22  13h53m 17 39 270°80 22 11M36™ 23 55+ 25
1982 | 270°90 22 20R00™ 26 23 270°94 22 20"54™ 58 > 35
1983 | 270°95 23 03h24m 8 32 270°77 22 23h14m 14 -
1993 | 270°96 22 17h03™ 78 95 270°91 22 15M52m 40 | 100+ 10
1994 | 270°75 22 18h21m 67 62 270°56 22 13h48™ 70 50+ 6
1995 | 270°60 22 21ho1™ 31 20 270°62 22 21hogm 14 -
1996 | 270°70 22 05h29™ 153 92 270°54 22 01h44m 22 25+5
1997 | 270°60 22 09h26™ 18 35 270°48 22 06"33™ 13 16+4
1998 | 270°65 22 16h44m™ 1 18 270°79 22 19h54™ 14 13+3
1999 270°44 22 17h4™ 14 -
2004 | 270°90 22 11hogqm 40 18 48+ 6
2005 | 270°63 22 11hiem 3 1 21+ 6
2006 | 270°70 22 10M03™ 12 15 15+5
2007 | 270°57 22 22hpg™ 63 40 34+5 @
2008 | 270°60 22 05hOT™ 23 30 270°48 22 02M18™ 20
2009 270°43 22 07h14™m 14
2010 270°42 22 13bp2m 23
2011 270°29 22 16M11™m 12
2012 270°49 22 03k01™ 15

&) 21 16™ - preliminary result
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Chapter 3

Daytime showers

3.1 Observing possibilities

Meteoroids can collide with the Earth potentially from
all directions, and the shower radiants are widely dis-
tributed over the sky. The majority of the known radi-
ants described in the previous Chapter are best visible
after local midnight. Further, there are a few evening
showers such as the m-Puppids, the Draconids and the
Puppid-Velids. Studies of radar and radio data show
also radiants close to the Sun’s position. Among these
are the Helion Source of the sporadic meteor back-
ground (see Section 1.4 in the Handbook for Meteor Ob-
servers) as well as a number of showers which orbit the
Sun in a way that their radiant is above the horizon
only during daytime. Hence meteors of these showers
are not observable by optical means from the Earth’s
surface. The radiants remain very low in the sky even
in twilight so that systematic data can only be collected
by radio and radar techniques. Our current knowledge
of the daytime showers is not as detailed as for most
of the nighttime showers described in the Chapter 2.
Recent research provided data on the mass index s of
some radar showers as well (Blaauw et al., 2011).

Some daytime showers are closely related to known
(nighttime) showers:
One example are the (-Perseids (172 ZPE) and the
B-Taurids (173 BTA) which both belong to the Taurid
complex described in detail on page 51 and illustrated
in Figures 2.48-2.51.
Further, the Sextantids (221 DSX) are part of the
Phaethon-Geminid complex (Ohtsuka et al., 2006)
Another complex is formed by the comet
96P /Machholz1 and the minor planet (196 256)
2003 EH;. The related shower complex includes
four well-known meteor showers (Daytime Arietids
(171 ARI), Southern d-Aquariids (005 SDA), Quad-
rantids (010 QUA), and the Northern J-Aquariids
(026 NDA). The stream filaments corresponding to
the 171 ARI and two Aquariids (005 SDA, 026 NDA)
constitute the ecliptical component, and those cor-
responding to the 010 QUA and their southern
counterpart constitute the toroidal component of
the complex (Neslusan, Kanuchovd & Tomko, 2013;
Neslusan, Hajdukovd & Jakubik, 2013). This is also
discussed in the Quadrantid section on page 14.
Modelled meteor showers of a group of six near-Earth
asteroids with related orbits were found to be identical.
They could be recognized as two nighttime showers in
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the antihelion radiant area (x- and J-Scorpiids) and
two daytime showers (- and o-Librids). Babadzhanov,
Williams & Kokhirova (2013) assume that this complex
is a result of the fragmentation of an unknown comet
several millennia ago. A similar complex of Earth
crossing minor planets (2008 BOq¢, 2011 EC4; and 2013
CTs6) and four theoretical showers has been analysed
by Babadzhanov et al. (2014). The four radiants — two
nighttime and two daytime — should be in Capricornus
(among them the Sagittariids/Capricornids, 115 DSC).
Two further objects (2101) Adonis and 1995 CS are
assumed to be related with the (nighttime) Capri-
cornids. The authors suggest that all five objects may
be fragments of a former large comet.

Daytime shower activity has been observed regularly,
but most of the recorded data still await detailed anal-
ysis to obtain comparable results to the optical range
with rate, flux and population index profiles. McBeath
(1998) developed a largely non-mathematical and cer-
tainly limited model for radio forward scatter data
analyses, from which a part of the estimates of activ-
ity period and level are derived. Sugimoto developed
an analysing method originally for the now defunct
Japanese International Project for Radio Meteor Ob-
servation (IPRMO) project. It was applied to meteor
shower data between 2001 and the Quadrantids 2004,
particularly for the Leonids (Ogawa et al., 2002). The
idea was continued for a later Quadrantid data analysis
by Brower (2006), and a method to determine shower
activity was further updated by Steyaert et al. (2006).

Nevertheless there is a need not only for monitoring
of daytime showers but a stronger need to regularly
analyse the data to determine their activity level, activ-
ity period and moment of maximal activity. This is a
pity because forward scatter detects substantially more
meteors than visual or video observations. If only over-
dense reflections are taken into consideration then the
recorded numbers tend to resemble those obtained by
visual and video observers.

But as in the case of the nighttime showers, monitor-
ing is useful to detect peculiarities in the streams and to
follow the evolution of the streams, particularly as for-
ward scatter radio observations cover a meteoroid mass
range which is close to the optical (visual) region while
the majority of meteors recorded by backscatter radars
are much smaller and thus deviate in several aspects
(mass index, flux).

The most active (northern summer) daytime shower
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interval, May to early July, is also part of that in which
observers often struggle because of interference, espe-
cially Sporadic-E (Es; the worst of the Es “season” com-
monly runs from May to September). The two may
be connected, given the ion sheets forming Es must
originate somewhere, and Es sheets generally form in
the lower meteor-ablation zone. Changing radio fre-
quencies, or recording from more than one frequency,
can sometimes help overcome this, but of course this is
heavily dependent on suitable broadcast signals being
available to observers in different geographic regions.

As there seems no statistical peak in especially bright
fireball occurrence during daylight, or in the near-dusk
and near-dawn periods, during the strongest daytime
showers in June and late September—early October, this
could be taken, in conjunction with the nature of the
showers as recorded by radio (not radar), to imply a
fairly typical “shower” magnitude/particle size distribu-
tion in the ARI, ZPE and DSX showers. We have also
previously alerted observers via the Shower Calendar
to possible northern summer daytime fireballs during
the potential Taurid “swarm” returns, though it seems
there were no records of such made. Perhaps a simple
analysis of one of the larger fireball databases, that of
the AMS maybe, might be worth conducting at some
stage to provide evidence in support of (the lack of?)
such daylight /crepuscular fireballs.

CHAPTER 3. DAYTIME SHOWERS

3.2 List of daytime showers

In addition to the list provided in Table 3.1, we add
information based on recent radio meteor observations
and recommendations for observers. The short descrip-
tions summarize the avilable information and add some
specific hints. Although it is clear that radar and (for-
ward scatter) radio systems look at different meteoroid
populations, we use both information. The orbital data
are based on the CMOR radar analysis paper, consider-
ing the mean values in Table 6 of (Brown et al., 2008).

In the second half of May and throughout June,
most of the annual meteor action appears from the
daylight sky. Occasional meteors from the w-Cetids
(293 DCE) and the Arietids (171 ARI) have been
claimed as seen from tropical and southern hemisphere
sites visually. However, such data do not allow us to
derive parameters such as ZHR or flux. Further, the
general information is scarce particularly regarding the
radiant positions.

After the peak period in June daylight sources in-
clude the visually-impossible v-Leonids (203 GLE;
Sekanina, 1976). Later there is a tricky visual shower,
the Sextantids (221 DSX). Optical observers may
hope to catch some Sextantids in the pre-dawn of late
September, though radiant-rise is less than an hour be-
fore sunrise in either hemisphere. So the majority of
observational data is expected from radio and radar
equipment.

It is quite obvious that a lot of information is missing.
All observers can contribute to our knowledge about
this rather invisible portion of meteor showers.

Table 3.1: Working List of Daytime Radio Meteor Showers. The showers’ designations are listed here omitting
‘Daytime’. The ‘Best Observed’ columns give the approximate local mean times between which Steyaert’s
Observability Function (Steyaert et al., 2006) for a 4 element Yagi antenna at an elevation of 45 degrees and
pointed towards the azimuth of a 30 kW transmitter with isotropical gain 1000 km away reaches 85% or more
of its daily maximum for that stream. Note that this is often heavily dependent on the compass direction in
which the antenna is pointing, however, and applies only to dates near the shower’s maximum. More details
of the observation and the Observability Function including consequences for the data analysis are discussed
in Chapter 6 of the IMO’s Handbook for Meteor Observers.

Shower Activity Max Ao Radiant Best observed Rate
Date 2000 « ) 50° N 35°8S
Sgr/Capricornids (115 DSC) Jan 13-Feb 04 Feb 01 312°5 299°—15° 11"-14" 09P-14"  Medium
x-Capricornids (114 DXC) Jan 29-Feb 28 Feb 13 324°7 315°—24° 10"-13" 08" 15" Low
April Piscids (144 APS) Apr 20-Apr 26 Apr 22 32°5 9° +11°07"-14"  08"-13"  Low
e-Arietids (154 DEA) Apr 24-May27 May09  48°7 44° +21° 08"-15" 10"-14" Low
May Arietids (294 DMA) May 04-Jun 06 May16 55°5 37° +18° 08"-15" 09"-13" Low
S. May Arietids (156 SMA) Apr 20-May22 May08  47°5 29° +10° 08"-15" 09"-13" Low
0-Cetids (293 DCE) May 05-Jun 02 May20 59°3 28° —04° 07"-13" 07"-13" Low
N. w-Cetids (152 NOC) Apr 20-May20 May08  47°5 9° +19° 07"-13" 07"-13" Low
S. w-Cetids (153 OCE) Apr 24-May20 May10 49°5 23° —03° 07"-13" 07"13" Low
Arietids (171 ARI) May 14-Jun 24 Jun 07  76°5 42° +25° 06"-14» 08"-12" High
(-Perseids (172 ZPE) May 07-Jun 26 Jun 14  83°5 65° +28° 07"-15" 09"-13" Low
[-Taurids (173 BTA) Jun 12-Jul 04 Jun 28  96°5 85° 423° 08"-15" 09"-13" Low
v-Leonids (203 GLE) Aug 14-Sep 12 Aug25 152°2 155°+20° 08"-16" 10" 14" Low
k-Leonids (212 KLE) Sep 06-Oct 03 Sep 21 178°5 159°+18° 07"-15" 09"-13" Low
Sextantids (221 DSX) Sep 23-Oct 07 Sep 30 187°5 154°00° 06"-12® 06"-13" Medium




3.6. DAYTIME e-ARIETIDS (154 DEA)

3.3 Daytime Sagittariids/
Capricornids (115 DSC)

Period January 13-February 04
Maximum Ag = 312°5 (&~ February 01)
Radiant a=299° §=-15°
Velocity 28 km/s

In February, there are two showers with radiants be-
ing 10-15° west of the Sun at maximum. Hence these
cannot be regarded as targets for optical observations
from both hemispheres. The Sagittariids/Capricornids
(115 DSC) have been listed by several authors in the
1970s (Sekanina 1973; Gartrell & Elford 1975; Sekanina
1976). Recent radio results have implied that the DSC
maximum may fall variably between February 1 and 4.
The radiant positions given in the referenced papers dif-
fer from each other and indicate some uncertainty here.

3.4 Daytime y-Capricornids

(114 DXC)
Period January 29-February 28
Maximum \g = 324°7 (= February 13)
Radiant a=315° §=—-24°
Velocity 18.5 km/s

Little is known about this shower. The only reference
given in the MDC database to the y-Capricornids (114
DXC) is Sekanina (1973). The shower does not appear
in the recent CMOR study. Janches et al. (2013). find it
earlier between January 11 and 21, then with a radiant
west of the given position (300°, —32°). The activity
level is low.
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3.6 Daytime e-Arietids

(154 DEA)

Period April 24-May 27

Maximum Ag = 48°7 (=~ May 09)
Radiant a=44° §=+21°
Velocity 21 km/s

The situation is not much different for the e-Arietids
(154 DEA) with radiant positions differing in right as-
cension by about 15° between the only two references,
Nilsson (1964) and Sekanina (1976). Like for the previ-
ous daytime showers, the activity level is low.

3.7 Daytime May Arietids
(294 DMA)

Period
Maximum
Radiant
Velocity

May 04-June 06

Ao = 5595 (=~ May 16)
a=37" §=+418°

22 km/s

No precise data for radiant and activity period is
given for the entry May Arietids (294 DMA) in the
MDC list, where it is designated as “Daytime May
Arietid Complex”. The shower which is listed in the
CMOR data (Brown et al., 2008) deviates in its radi-
ant position and activity period and is called “Southern
Daytime May Arietds” (see next section). The activity
level is reported to be low.

3.8 Southern Daytime
May Arietids (156 SMA)

3.5 Daytime April Piscids Poriod Apr 20 May 22
(144 APS) Maximum  Ae = 47°5 (= May 08)
Radiant a=29° §=+10°
Period April 0829 Velocity 28 km/s
Maximum Ag = 30°3 (=~ April 20) -
Radiant a=T" §=4+T7° Orbital elements of the stream
Velocity 29 km/s 0 w i e q a
Orbital elements of the stream 227°1 232°3 4°4 0779 0.297au 1.3 au

Q w 7 e q a

3223 21679 79°2 0.865 0.912au 6.8 au

At end-April the April Piscids (144 APS) are noted
with a low activity. The only reference given in the
MDC database is Kashcheyev & Lebedinets (1967), but
the shower is also found recently by the CMOR (Brown
et al., 2008) and activity has been reported by radio
observers as well.

This shower is considered as an “established shower”
in the MDC list. It is detected in the CMOR data
(Brown et al., 2008), but is another shower with a low
activity level.

The shower’s designation indicates that there might
be a northern branch as well, but this is not detected in
the CMOR data. The references to the Northern Day-
time May Arietids (155 NMA; MDC working status) go
back to Nilsson (1964) and Sekanina (1976).



76

3.9 Daytime w-Cetids
(152 NOC, 153 OCE)

Northern w-Cetids (152 NOC)
Period April 20-May 20
Maximum g = 47°5 (= May 08)
Radiant a=9°  §=+19°
Velocity 37 km/s
Southern w-Cetids (153 OCE)
Period April 24-May 20
Maximum Ag = 49°5 (=~ May 10)
Radiant a=23° §=-3°
Velocity 37 km/s
0-Cetids (293 DCE)
Period May 05-June 02
Maximum Ag = 5993 (=~ May 20)
Radiant a=28° §=-—4°
Velocity 37 km/s

Orbital elements of the streams

Q w 7 e q a
152 NOC
45°1 33°4  29°9 0902 0.131au 1.3 au
153 OCE
225°2 216°8 31°4 0.897 0.150 au 1.5 au

For example, we refer to the 293 DCE listed in
the TAU MDC database as “Daytime w Cetid com-
plex” (some compilations list o-Cetids here). Data is
needed to clarify the uncertain radiant and activity as
there is no reference given for the entry 293 of the
MDC database. Radio observers, however, reported
“medium” activity from the o-Cetids in the past. Re-
cent observations for all the activity which can be as-
sociated with either of the Cetid sources show a “low”
activity level only.

CMOR data (Brown et al., 2008) yield the two radi-
ants designated as Northern w-Cetids (152 NOC) and
Southern w-Cetids (153 OCE). The table of radiants
detected by the southern SAAMER system (Janches
et al., 2013) includes only the Southern w-Cetids (153
OCE) between Ao = 40° and 57°(May 1-18), fitting
the radiant derived from the CMOR data.

3.10 Daytime Arietids

(171 ARI)
Period May 22-July 02
Maximum Ag = 76 °7 (= June 07)
Radiant a=44° §=+24°
Velocity 38 km/s

Orbital elements of the stream

Q w i e q a

75°0 30°0 3°3 0943 0.096 au 1.7 au
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The Arietids are one of the showers listed with a
high activity level. The original data go back to Clegg,
Hughes & Lovell (1947), Lovell (1954) and Sekanina
(1976). Almond (1951) published orbits of the streams.
The CMOR data (Brown et al., 2008) indicates its
strength as the stream is defined by more than 2100
orbits (typical numbers for other streams are of order a
few hundred). The shower is also well detected by the
southern SAAMER radar (Janches et al, 2013).

The same authors are quoted by the MDC for
the showers (-Perseids (172 ZPE) and S-Taurids
(173 BTA), which are prominent in recent analyses
(Brown et al., 2008) as well. The Arietid and (-Perseid
maxima tend to blend into one another, producing a
strong radio signature for several days in early to mid
June. There are indications these two June shower max-
ima currently each occur up to a day later than indi-
cated in our Table.

The radiant is about 30° west of the Sun. For ob-
servers roughly between the tropics there is a chance
to observe a few shower meteors in early June close
to dawn, albeit with low radiant position. Some data
of such optical (video) observations have been reported
by Fujiwara et al. (2004) and Jenniskens et al. (2012).
The radiant is also detected from EDMOND video data
(Rudawska et al., 2014). While the radiant and orbital
data are well established, there are only estimates of
the activity or flux. Campbell-Brown (2004) gives a
ZHR of about 200 and compares the shower with the
Quadrantids, assuming r = 2.75 (s = 2.1).

Based on meteoroid orbital data Jenniskens et al.
(2012) suggest an association of the Arietids with the
Marsden group comet C/1999 J6 (= 2004 V9 = 2010 H3)
and argue that it seems possible that the meteoroids are
debris from a breakup which created the Marsden group
comets or are connected with an earlier fragmentation
that left comet 96P /Machholz,

3.11 Daytime (-Perseids
(172 ZPE)

Period
Maximum
Radiant
Velocity

May 20-July 05

Ao = 7896 (=~ June 09)
a=062° §=+423°

26 km/s

Orbital elements of the stream

Q w i e q a

7520 5829 3°7 0.763 0.349au 1.5 au

As mentioned, the shower is listed in Lovell (1954)
and Sekanina (1976) and was recorded by radio ob-
servers with a rather high activity. The numbers found
from the CMOR analysis (Brown et al., 2008) hint at a
lower activity level. From the available data it is diffi-
cult to judge whether this difference is due to the fact
that the radar sees much smaller meteoroids as com-
pared to the forward scatter systems. Further, the ac-
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tivity period and the radiant position differ between the
two populations: May 20-July 05, maximum June 09,
a =62°, § = 423° (radio); May 07-June 26, maximum
June 14, a = 65°, 0 = 428° (radar)

3.12 Daytime (§-Taurids

(173 BTA)

Period June 05-July 17
Maximum Ag = 96 °7 (~ June 28)
Radiant a=286° 0=+19°
Velocity 27 km/s

Orbital elements of the stream

Q w i e q a

274°1 244°7 395 0.787 0.377au 18 au

The situation regarding the data is similar to the
two entries above. In this case, the radio observers
list it as a medium active shower, while the radar data
hint at a low activity level only. The activity period,
the expected maximum and the radiant position are
in good agreement between the few referenced sources.
There are almost continuous annual observations re-
ported in publications from Jodrell Bank between 1947—
1958 inclusive, with published southern hemisphere re-
sults from 1953 and 1961, before Sekanina between
1961-65 and 1968-69, but no more recent data.

3.13 Daytime y-Leonids
(203 GLE),
Daytime x-Leonids
(212 KLE)

~v-Leonids (203 GLE)
Period August 14-September 12
Maximum Ag = 152°2 (=~ August 25)
Radiant a =155° 6 =+420°
Velocity 20 km/s

k-Leonids (212 KLE)
Period September 06-October 03
Maximum Ag = 1785 (&~ September 21)
Radiant a=159° §=+18°
Velocity 42 km/s

Orbital elements of the stream: 212 KLE

Q w 7 e q a

182°6 33°9 2227 0970 0.099 au 3.3 au

After the peak period in June daylight sources include
the visually-impossible 7-Leonids (203 GLE; Sekanina,
1976). The peak should be on August 25, albeit not
found in recent radio results. Another shower, not listed

T

in the compilations from forward scatter radio data
is the k-Leonids (212 KLE) found in radar data be-
tween September 6 and October 3 with a maximum on
September 21 (Brown et al., 2008). The data strongly
suggest that these are different streams because of the
very different velocities. For both the expected activity
level is low.

3.14 Daytime Sextantids
(221 DSX)

Period September 09-October 09
Maximum \g = 1843 (&~ September 27)
Radiant a=152° §=0°

Velocity 32 km/s

Orbital elements of the stream

Q w i e q a

6°5 213°7 20°4 0.8336 0.168au 1.0 au

For this shower with ‘medium’ activity we find more
than just one recent reference, indicating that it is regu-
larly found in various radar data (Galligan & Baggaley,
2002; Brown et al., 2008). The ‘medium’ activity level
comes from Weiss (1960), giving a numerical level like
the Jodrell Bank ones for the o-Cetids and S-Taurids.
Forward-scatter data could even suggest ‘high’ activity,
at least occasionally.

The DSX-maximum is expected around September 27
(Ao =184 °?3). In 1999 a strong return was detected at
Ao ~ 186°, while in 2002, the September 27 peak was
not found, but one around September 29-30 was. The
CMOR radar data confirm rather the late maximum at
Ao = 187 95. Janches et al. (2013) detect activity with
their radar between A = 179° and 184°. Several minor
maxima in early October may also be due to this radio
shower.

Optical observers may hope to catch some Sextan-
tids in the pre-dawn of late September, though radiant-
rise is less than an hour before sunrise in either hemi-
sphere. For example, at 25° northern latitude, the radi-
ant reaches about 15° elevation at 5" local time. The ra-
diant is found from video data (Rudawska et al., 2014).
Activity analyses are still missing.

3.14.1 Concluding remarks

Radar and radio (forward scatter) data will be the
major source regarding daytime meteor showers. The
shower identification (radiant and orbits) found from
different observational data sets is consistent. Phys-
ical parameters, such as the population/mass index
and rate/flux, need to be determined. In the case of
two showers, the Arietids (171 ARI) and Sextantids
(221 DSX), a limited amount of optical data may be
used for calibration purposes.
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Chapter 4
Appendix

4.1 List of extreme events documented over the past ~ 50 years

Table 4.1: Highest visible activity (ZHR/EZHR)

Shower (trail) Year ZHR Reference

Highest ZHR

Leonids (1 revolution) 1966 ~ 120000 Jenniskens, 2006
Leonids (3 revolution) 1999 3700+£100 Table at page 55
Leonids (4 revolution) 2001 3430+ 90 Table at page 55
Leonids (4 revolution) 2002 29404210 Table at page 55
Leonids (9 revolution) 2001 2830+ 70 Table at page 55
Leonids (7 revolution) 2002 2510+ 60 Table at page 55
Leonids (7 revolution) 2001 1620+ 40 Table at page 55
Draconids 1998 720+ 90  Arlt, 1998a

Leonids (4 revolution) 2000 480+ 20 Table at page 55
Draconids 2011 400+100 Borovicka et al., 2012
Leonids (20 revolution) 1998 357+ 11 Table at page 55
Perseids 1991 284+ 63 Brown & Rendtel, 1996
Perseids 1993 2644+ 17 Brown & Rendtel, 1996
Perseids 1994 2384+ 17 Brown & Rendtel, 1996
Highest EZHR

a-Monocerotids 1995 4504+ 30 Rendtel et al., 1996
Aurigids 2007 132+ 26 Rendtel, 2007

Table 4.2: Extreme particle population — lowest population index r

Shower Year r Reference

Leonids (20 revolution) 1998 1.194+0.02 Arlt, 1998b
September e—Perseids 2013 1.45+0.15 Rendtel et al., 2014
Orionids 2006 1.584+0.08 Rendtel, 2007a

Leonids (background component) 2001 1.60+0.05 Arlt et al., 2001
Geminids (end of peak plateau) 2004 1.73£0.04 Arlt & Rendtel, 2006
Aurigids 2007 1.74+0.08 Rendtel, 2007b
Perseids 1993 1.754+0.05 Rendtel, 1993

Table 4.3: Longest peak duration (FWHM) of active showers (minor showers with
no pronounced peak may have wider FWHM) and most narrow peaks.

Longest peak duration

Orionids 2006 5 days, ZHR ~ 55 Arlt et al., 2008
Orionids 2007 2 days, ZHR ~ 75 Arlt et al., 2008
Geminids regular maximum 1 day, ZHR 100-120 Rendtel, 2005
Leonids 1998 12 hours, ZHR ~ 350 Arlt, 1998b

June Bootids 1998 > 12 hours, ZHR 50-100 Arlt et al., 1999
Most narrow peaks

a-Monocerotids 1995 20 min  Rendtel et al., 1996
Aurigids 2007 30 min  Rendtel, 2007

79



80

References

Arlt R., 1998a: Summary of 1998 Draconid outburst
observations. WGN 26, 256-259.

Arlt R., 1998b: Bulletin 13 of the International Leonid
Watch: the 1998 Leonid meteor shower. WGN 26,
239-248.

Arlt R., Kac J., Krumov V., Buchmann A., Verbert
J., 2001: Bulletin 17 of the International Leonid
Watch; first global analysis of the 2001 Leonid storms.
WGN 29, 187-194.

Arlt R., Rendtel J., 2006: The activity of the 2004 Gem-
inid meteor shower from global visual observations.
MNRAS 367, 1721-1726.

Arlt R., Rendtel J., Bader P., 2008: The 2007 Orionids
from visual observations. WGN 36, 55-60.

Arlt R., Rendtel J., Brown P., Velkov V., Hocking
W.K., Jones J., 1999: The 1998 Outburst and History
of the June Bootid Meteor Shower. MNRAS 308,
887-896.

Borovicka J., Koten P., Shrbeny L., Stork R., Hornoch
K., 2012: Radiants, orbits, spectra and deceleration
of slected 2011 Draconids. In: M. Gyssens & P.
Roggemans (eds.) Proc. of the IMC 2012, IMO, 2013,
pp. 65-69.

Brown P., Rendtel J., 1996: The Perseid meteoroid
stream: characterization of recent activity from vi-
sual observations. Icarus 124, 414-428.

Jenniskens P., 2006: Meteor showers and their parent
comets. Cambridge Univ. Press.

Rendtel J., 1993: Perseids 1993: a first analysis of
global data. WGN 21, 235-239.

Rendtel J., 2005: Evolution of the Geminids observed
over 60 years. EMP 95, 27-32.

Rendtel J., 2007a: Three days of enhanced Orionid ac-
tivity in 2006 — meteoroids from a resonance region?.
WGN 35, 41-45.

Rendtel J., 2007b: Visual observations of the Aurigid
peak on 2007 September 1. WGN 35, 108-112.

Rendtel J., Brown P., Molau S., 1996: The 1995 out-
burst and the possible origin of the a-Monocerotid
meteoroid stream. MNRAS 279, L31-L36.

Rendtel J., Lyytinen E., Molau S., Barentsen G., 2014:
Peculiar activity of the September e-Perseids on 2013
September 9. WGN 42, 40-47.

CHAPTER 4. APPENDIX



4.2. GLOSSARY

4.2 Glossary
a: — semimajor axis of an orbit.

ablation: removal of material by attrition, e.g., by
passage through the atmosphere.

absolute magnitude: the stellar magnitude any
meteor would have if placed in the observer’s zenith
at a height of 100 km.

altiude: the angular distance of a celestial body
above or below the horizon, measured along the great
circle passing through the body and the zenith. Alti-
tude is 90° minus zenith distance.

Amor asteroids: asteroids having perihelion
distance 1.017au < ¢ < 1.3au.

aphelion distance: Q, distance of greatest helio-
centric separation for a body in an eccentric orbit;
Q=a(l+e).

Apollo asteroids: asteroids having semimajor axis
a > 1.0au, and perihelion distance ¢ < 1.017au.

ascending node: — nodes.

asteroid: one of a number of objects ranging in size
from sub-km to about 1000 km, most of which lie
between the orbits of Mars and Jupiter; also called
‘minor planet’. Their designations are supplied by
the Minor Planet Center.

The preliminary designations consist of the year of
discovery, an upper case letter to indicate the half-
month in that year (A =Jan.1-15, B=Jan.16-31,
... Y=Dec.16-31, I being omitted), a second upper
case letter in sequence, and when this sequence of
25 (I again being omitted) has been completed it is
repeated and followed by a sequential number (writ-
ten as a subscript, if possible). Before 1925 the sys-
tem consisted simply of a sequential pair of letters
(and initially only a single letter), and the subsequent
interpolation of additional objects was troublesome.
The modern system is therefore now also used for un-
numbered pre-1925 objects, except that the initial 1
in the year is replaced by A.

The permanent designation consists of numbers and
names, beginning with 1 Ceres, given to asteroids
for which orbits are accurately determined. Asteroid
4000 was numbered in February 1989. The numbers
are supplied by the Minor Planet Center after orbits
have been fitted to observations at several different
oppositions. Names are proposed by discoverers to
the Committee on Small Body Nomenclature of TAU
Commission 20 and cannot be adopted until the least
two months after an asteroid is numbered. If the
discoverer is deceased there is a waiting period of six
months, and names are usually proposed by the orbit
identifier or by the discoverer’s former colleagues.

Aten asteroids: asteroids having semimajor axis
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a < 1.0 au, and aphelion distance ) > 0.983 au.

au: astronomical unit. The mean distance of the
Earth from the Sun, equal to 1.496 x 10'! m.

azimuth:  the angular distance measured clockwise
along the horizon from a specified reference point
(usually north) to the intersection with the great
circle drawn from the zenith through a body on the
celestial sphere.

bolide: — fireball.

Brownlee particles: interplanetary dust particle
(IDP), also known as a micrometeoroid or, after
entry into the Earth’s atmosphere, a — micromete-
orite. Sometimes called Brownlee particle.

comet: an object composed of solid particles
and volatile ices (such as H2O, CO, CO2, NHj).
When a comet moves close enough to the Sun, the
higher temperature causes ices near the surface
to sublimate. As the gases expand, they drag —
meteoroids with them, away from the comet’s solid
nucleus. Meteoroids escaping the nucleus move on
to orbits independent of (though initially similar to)
the comet. Gas molecules liberated from the nucleus
are subsequently photodissociated (producing OH,
CN, C; etc.) or ionized by solar radiation.
Icy bodies too far from the Sun to show activity
(escaping gas and dust) are classified observationally
and in databases with — asteroids. An active
comet shows a coma (expanding cloud of escaping
matter), and sometimes a dust tail and an ion tail,
around perihelion. Comets become extinct if enough
volatiles are lost.  Active lifetimes are typically
hundreds of perihelion passages.
Most active comets have highly elliptical orbits (or
even parabolic to within observed accuracy), nearly
always dynamically unstable. Orbits can reach a
few times 10* au from the Sun. Long-period (> 200
year) orbits comprise a substantial majority of the
discovered population. Known, active comets tend
to have a nuclear diameter between a kilometer and
a few tens of km.

comets, nomenclature (old): when a newly
discovered comet is confirmed, the TAU Central
Bureau for Astronomical Telegrams assigns a provi-
sional designation consisting of the year of discovery
followed by a lowercase letter in order of discovery
for that year. The discoverer’s name is attached to
the designation. If a reliable orbit is later estab-
lished, the comet is given a permanent designation
consisting of the year of perihelion passage followed
by a Roman numeral in order of perihelion passage.
Comets with orbital periods > 200 years are called
‘long-period’; those with periods < 200 years are
indicated by P/ preceding the name of the comet
and are called ‘short period’ comets.
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comets, nomenclature (new): the principal
designations used for comets consist of the year and
an upper-case letter to indicate the halfmonth of
discovery in that year (A =Jan.1-15, B=Jan. 16—
31, C=Feb.1-15, ..., Y=Dec.16-31, 1 being
omitted), followed by a numeral showing the order
of announcement of discovery in that halfmonth.
The halfmonths are as used for discoveries of minor
planets, the difference being that minor-planet
designations have a second letter (in addition to
possible numerals) to indicate the order of discovery
announcement. ‘Discovery’ refers to the time when
the discovery observation is actually made. The new
cometary designations are prefixed, generally by P/
or C/, according as to whether it is a short-period
orbit or not. The symbol D/ is used for ‘defunct’
comets, or periodic comets which either are known
no longer to exist, or for which the (current) orbit
is poorly known. The prefix A/ would be used to
denote an object given a cometary designation but
deemed to be a minor planet. X/ is used for comets
for which it is not possible to compute orbits — and
that in some cases may never in fact have existed.
Permanent numbers are given to periodic comets
when they are confirmed as returning to perihelion
more than once; the permanent number is written
before the P, e.g. 1P /Halley.

declination: angular distance north or south of the
celestial equator.

descending node: — nodes.

direct motion: — prograde motion.
dust: particles originating or existing in space with
sizes smaller than 100um.

e:  eccentricity of an elliptical orbit. The amount by
which the orbit deviates from circularity: e = c¢/a,
where c¢ is the distance from the center to a — focus
and a is the — semimajor axis.

ecliptic: plane of the Earth’s orbit.

epoch: an arbitrary fixed instant of time or date used
as a chronological reference datum for calendars,

celestial reference systems, star catalogs, or orbital
motions.

escape velocity: the velocity required to escape en-
tirely from the gravitational field of an astronomical
body; equlas the minimum impact velocity for any
body arriving from a very great distance.

fall: a meteorite that was seen to fall. Such
meteorites are usually recovered soon after the fall
and are relatively free of terrestrial contamination
and weathering effects.

find: a meteorite that was not seen to fall but was
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found and recognized subsequently.

fireball: a bright meteor, also called bolide. Several
definitions have been used by various authors. In
the IMO all meteors of at least —3™ are regarded as
fireballs. Extremely bright events (magnitude —17
or brighter) are designated as “superbolides”.

focus: in an astronomical context, the focus of an
elliptical orbit is the point where the sun is located.
In geometry, an ellipse has two foci; astronomers call
the focus without the sun the empty focus.

geocentric: FEarth-centered.

heliocentric:  Sun-centered.

horizon: a plane perpendicular to the line from an
observer to the zenith. The great circle formed by
the intersection of the celestial sphere with a plane
perpendicular to the line from an observer to the
zenith is called the astronomical horizon.

i inclination of an orbit. The angle between an
asteroid’s orbit and the plane of the — ecliptic (or
between a satellite’s orbit and the planet’s equatorial
plane).

Ao:  — solar longitude.

long-period comet: a comet with an almost
parabolic orbit and a period of revolution round the

Sun exceeding 200 years. Some have orbital periods
of millions of years.

magnitude: an arbitrary number, measured on a
logarithmic scale, used to indicate the brightness of
an object. If I; is the brightness of star i amd m; its
magnitude, then m; — my = —2.5log(l1/I3). Two
stars differing by 5 magnitudes differ in luminosity
by a factor of 100. One magnitude difference is the
fifth root of 100, or a factor of about 2.512. The
brighter the star, the lower the numerical value of
the magnitude and very bright objects have negative
magnitudes.

mass index: s — the number N of meteoroids
having individual masses between m and M + dM is
N = constant x M*. The cumulative number of par-
ticles with masses greater than M is proportional to
M'=*. The — population index r can be converted
into the mass index s. Assuming that the shape
of the meteor light curve does not change over the
magnitude range and based on a mass—luminosity
relation published by Verniani, s =1+ 2.3logr.

meteor: the light phenomenon produced by a
— meteoroid experiencing frictional heating when
entering a planetary atmosphere; also used for the
glowing meteoroid itself. If particularly large, it is
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described as a — fireball.

meteoric:  the adjectival form pertaining to meteor
and meteoroid.

meteorite: a natural object of extraterrestrial origin
(— meteoroid) that survives passage through the
atmosphere.

meteoroid: a natural small (generally sub-km;
commonly 100um to 10 m) solid object in an inde-
pendent orbit in the Solar System.

meteoroid stream: stream of solid particles released
from a — parent body (— comet or — asteroid),
generally through the influence of Solar radiation.
The various ejection directions and ejection speeds
of individual — meteoroids determine the width of
a stream and the particles’ distribution around the
overall average orbit.

meteor shower: many — meteors appearing to
radiate from a common point in the sky caused by
the collision of the Earth with a swarm of meteoric
particles.

micrometeorite: a small extraterrestrial particle
that has survived entry into the Earth’s atmosphere.
The actual size is not rigorously constrained but
is operationally defined by the collection procedure
because small particles are more abundant than large
ones. In practice, the micrometeorites being studied
in the laboratory after collection in the stratosphere
are rarely as large as 50um.

minor planet: — asteroid.

nodes: the points at which the orbit of a planet,
asteroid, comet or meteoroid crosses the plane of the
— ecliptic. The object moves from south to north of
the ecliptic at the ascending node, and from north
to south at the descending node. The longitude of
the ascending node is one of the six orbital elements
and measures the angle between the ascending node
and — vernal equinox, measured in the plane of the
ecliptic.

w: argument of perihelion or periapse for a planet
or satellite.  Angular distance (measured in the
plane of a body’s orbit in the direction of motion)
from the ascending — node to the — perihelion point.

Q: longitude of ascending — node. The angle
between some line in the reference plane (usually the
direction to the — vernal equinox) and the point
where the body crosses the reference plane moving
south to north.

orbital elements: six quantities that fully describe
an orbit; along with the time, they specify the
position of an orbiting body along its path. A typical
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set of orbital elements are: (1) — semimajor axis
a; (2) — eccentricity e; (3) — inclination 4; (4)
longitude of the ascending — node €2; (5) argument
of periapse w; and (6) the time of passage through
periapse T'.

parent body: a — comet or — asteroid which re-
leased — meteoroids, dust, and gas when approaching
the inner Solar System for a potential — meteoroid
stream.
Also used for the body on or in which a given
meteorite or class of meteorites was located prior to
ejection as &~ meter-sized objects.

perihelion distance: q, distance of the least
heliocentric separation for a body in an eccentric
orbit; ¢ = a(1l — e).
persistent train: — train.

perturbation: the gravitational effect of one ob-
ject on the orbit of another, if this effect is very small.

Poynting-Robertson effect: a dissipative force
due to the anisotropic loss of momentum by a
particle through re-radiation of solar energy. This
causes aphelion collapse such that a circular orbit is
soon attained; thereafter the particle spirals slowly
toward the Sun. Small particles (below 1cm) are
most severely affected because the force (relative to
solar gravity) varies as the reciprocal of its size.

prograde motion: motion in the same direction as
the prevailing direction of motion. As viewed from
the north, prograde motion is counter-clockwise, or
west to east.

q: — perihelion distance.
@Q: — aphelion distance.

radiant: the point where the backward projection of
the meteor trajectory intersects the celestial sphere,
or the backwards prolongation of the apparent trails
of a given meteor as seen by observers at different
locations.

right ascension: angular distance east of the
— vernal equinox, as measured on the celestial
equator.

semimajor axis: half the length of the major axis
(long axis) of an ellipse; a standard element used to
describe an elliptical orbit.

short-period comet: a — comet with an orbital

period of < 200 years.

solar longitude: Ao, angular distance along the
Earth’s orbit, measured from the — vernal equinox.
It gives the position of the Earth at its orbit and
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hence is more appropriate information on a meteor
shower’s maximum than the date.

standard epoch: a date and time that specifies the
reference system to which celestial coordinates are
referred. Prior to 1984 coordinates of star catalogs
were commonly referred to the mean equator and
equinox of the beginning of a Besselian year. Be-
ginning with 1984 the Julian year has been used, as
denoted by the prefix J, e.g., J2000.0.

sunrise, sunset: the times at which the apparent
upper limb of the Sun is on the astronomical horizon;
i.e., when the true zenith distance, referred to the
center of the Earth, of the central point of the disk is
90°50’, based on adopted values of 34’ for horizontal
refraction and 16’ for the Sun’s semidiameter.
superbolide: — fireball.
train: light/material behind the meteoroid.
— wake — luminosity just behind the meteor head.
— green train — short-duration trains exclusively
formed by the green oxygen line at 557.7 nm.
— persistent train — self-luminous,
visible for tens of minutes after the meteor.
— reflection/dust train — not self-luminous;
visible in twilight /daylight.

trajectory: path of a meteor in the Earth’s atmo-
sphere.
twilight:  the interval of time preceding sunrise and

following sunset during which the sky is partially
illuminated. Civil twilight comprises the interval
when the zenith distance, referred to the center
of the Earth, of the central point of the Sun’s
disk is between 90°50" and 96°, nautical twilight
comprises the interval from 96° to 102°, astronom-
ical twilight comprises the interval from 102° to 108°.

Universal Time (UT): the local mean time of the
prime meridian. It is the same as Greenwich mean
time, counted from 0 hour beginning at Greenwich
(observatory) mean midnight.

vernal equinox: the intersection of ecliptic and
celestial equator where the Sun is moving from south
to north.

wake: — train.

Yarkovsky effect: the effect of rotation on the tra-
jectory of a small particle orbiting the Sun (compare
— Poynting-Robertson effect). If the orbiting body
is rotating, there is a temperature variation over its
surface, and it will reradiate the incident radiation
anisotropically.

zenith attraction: the effect of the Earth’s gravity
on a meteoric body increasing the velocity and
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moving the radiant towards the zenith.

ZHR: Zenithal Hourly Rate — number of shower me-
teors corrected to standard conditions.

4.3 Journal abbreviations

A & A — Astronomy and Astrophysics

BAC - Bulletin of the Astronomical Institutes of
Czechoslovakia

EMP — Earth, Moon, and Planets

JBAA — Journal of the British Astronomical Associa-
tion

MNRAS — Monthly Notices of the Royal Astronomical
Society
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