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What a wonderful night!
Thousands of Leonid meteors so nice
fly just like some glow worms.

Are we in Paradise?
Dimitrie Olinici

Fragments of fire
from the roar of the Lion,
alarm in the sky.

Populations of Leonids,
and populations of men
armed with feelings for a love hunt.

Be generous,
Zenith Hourly Rate,
give them all they want.

Sky fireballs, earthly observers,
Leonids and people,

a magic connection.
Andrei Dorian Gheorghe

She crosses flights
with rains of stars,
Lioness Temple-Tuttle...

Michaela Alorescu

The Great Apocalypse

of the late autumn.
Gelu-Claudiu Radu

Flights of lights,
whispers of stars,

the sky in the night
embracing the Earth.

Tears of light
on the sky's face,
a crying in the night
over the world.
Valentin Grigore

Meteor shower in a test tube.

In the Leonid Isle

every inhabitant tattoos in his palm
a small universe;

but their comet has disintegrated

into a meteor shower.
Diana Maria Ogescu

Arrest those fireballs, those lights,
not to burn the Earth on their flights.

Victor Chifelea

I gladly looked at the wave
of the blazes coming to me,
and I felt myself sinking

in the meteoric sea.

Tina Visarian

Man and meteor...
The sky is shaken

of their love.
Tulian Olaru

Astropoetry by members of the SARM -Romanian Society for Meteors and Astronomy.
Presented at the Leonid MAC Workshop, Tel Aviv, Israel, April 16-19, 2000.
English translations by Andrei Dorian Gheorghe.



THE 1999 LEONID MULTI-INSTRUMENT AIRCRAFT
CAMPAIGN - AN EARLY REVIEW

PETER JENNISKENS', STEVEN J. BUTOW', AND MARK FONDA
NASA Ames Research Center, Mail Stop 239-4, Moffett Field, CA 94035-1000
" with the SETI Institute
E-mail: pjenniskens @mail.arc.nasa.gov

(Received 10 July 2000; Accepted 15 August 2000)

Abstract. Two B707-type research aircraft of the 452™ Flight Test Squadron at
Edwards Air Force Base were deployed to study the Leonid meteor storm of 1999 over
the Mediterranean Sea on Nov. 18. The mission was sponsored by various science
programs of NASA, and offered an international team of 35 researchers observing
conditions free of clouds and low altitude extinction at a prime location for viewing the
storm. This 1999 Leonid Multi-Instrument Aircraft Campaign followed a similar effort
in 1998, improving upon mission strategy and scope. As before, spectroscopic and
imaging experiments targeted meteors and persistent trains, but also airglow, aurora,
elves and sprites. The research aimed to address outstanding questions in astrobiology,
planetary science, astronomy, and upper atmospheric research. In addition, USAF co-
sponsored the mission to provide near real-time flux measurements for space weather
awareness. First results are presented in these issues of Earth, Moon, and Planets in
preparation for future missions that will target the exceptional Leonid returns of 2001
and 2002. An early review of the scientific achievements in the context of campaign
objectives is given.

Keywords: Airborne astronomy, astrobiology, chemistry, comets, composition, elves,
exobiology, instrumental techniques, Leonid MAC, Leonids 1999, lower thermosphere,
meteoroids, meteor storm, meteors, mesosphere, orbital dynamics, satellite impact
hazard, sprites

1. Introduction

The widely anticipated return of the Leonid shower in November of
1999 offered our best chance yet to observe a meteor storm with modern
techniques. None had been seen since the Leonid storm of 1966 at the
beginning of the space age. No storm was observed in November of
1998 during the first mission of the Leonid Multi-Instrument Aircraft
Campaign to Okinawa, Japan, although a spectacular shower of bright

MM FEarth, Moon and Planets 82-83: 1-26, 2000.
".‘ ©?2000 Kluwer Academic Publishers. Printed in the Netherlands.



2 JENNISKENS ET AL.

fireballs unexpectedly stole the show (Jenniskens and Butow, 1999).
Two months earlier, E.A. Reznikov (in a widely circulated e-mail) had
predicted from model calculations the return of the October 8 Draconid
shower within 10 minutes of the observed peak. That success raised
hopes that the upcoming 1999 Leonid encounter might be timed as well.
McNaught and Asher (1999) and Lyytinen (1999) used similar
methodology and widely circulated an optimistic forecast for 1999
November 18 when the Leonid storm was to peak at about 02:08 + 15
minutes UT. Earth was to cross the debris ejected during the return of
1899. For a peak time of 02:08 UT, the best viewing conditions would be
over Europe, the Middle East, and Africa (McNaught, 1999). The storm
profile was expected to have a 1/e effective duration of 0.7 hours based
on past Leonid storms (Jenniskens, 1995), while a secondary peak might
be visible over eastern Asia when Earth was to pass an older dust trail
ejected in 1866.

The 1999 Leonid Multi-Instrument Aircraft Campaign (Leonid MAC)
was a National Aeronautics and Space Administration (NASA) and
United States Air Force (USAF) sponsored effort to bring an
international team of researchers to a prime location for viewing the
storm under guaranteed clear weather conditions. The mission unfolded
as planned and became a nice example of an excellent collaboration
between the two agencies. In addition, the European Space Agency
(BSA), the Japanese Institute of Space and Astronautical Science (ISAS),
the Israel Space Agency (ISA), and many individual institutes
contributed in kind to participating researchers to make the mission an
international endeavor.

Beatty (2000) gives a popular account of the mission with personal
perceptions of the Leonid storm. Here, we will introduce the general
approach and logistics of the mission in Section 2, with special emphasis
on improvements and changes with respect to the 1998 Leonid MAC
mission. In Section 3, we will present a brief overview of the 1999
Leonid shower rate and its near-real time reporting, and provide lists of
detected fireballs, persistent trains, elves, and sprites. It is too early for
an in-depth analysis. However, results from a first analysis of some of
the data are presented elsewhere in these special issues of Earth, Moon
and Planets. Section 4 gives a brief summary of key results in the
context of the campaign research objectives and describes how results
compare to other observations of the Leonid storm.
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2. Approach

2.1. MISSION PROFILE

A drawback of last year's approach (Jeniskens and Butow, 1999) was the
use of two dissimilar aircraft, which included a propeller engine driven
Electra aircraft carrying the University of Illinois airborne LIDAR.
Because this LIDAR was to be deployed in Antarctica and would not be
available for a second mission, we chose to team up the jet engine driven
modified NKC 135-E "Flying Infrared Signatures Technology Aircraft"
(FISTA) with a similar B707-type aircraft, the EC-18 "Advanced
Ranging Instrumentation Aircraft" (ARIA). The USAF/452nd Flight
Test Squadron operated both aircraft out of Edwards Air Force Base. The
use of similar aircraft would allow stereoscopic observations while
flying along a westward trajectory for a maximum number of night-time
observing hours. A three night mission was called for, because of the
possible return of last year's fireball shower seen half a day before the
nodal passage in 1998 (Arlt and Brown, 1999; Jenniskens and Butow,
1999; Jenniskens and Betlem, 2000). Israel was chosen as our prime
base, where Dr. Noah Brosch facilitated local support of Tel Aviv
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University and the Israel Space Agency. The USAF/106th Rescue Wing
(102" Resque Squadron) based in New York provided a C-130 ADVON
mission, which took care of advanced logistic arrangements for the
group of 78 people, including 35 researchers, crew, and journalists, that
took part in the 1999 Leonid MAC mission (Figure 1).

T T T T T

55 L

RAF Mitdenhalt
(UK)

50 |
16717

45

Lajes AFB F
40 |. (Azores) €

McGuire AFB 6

Latitude (N)

35

30 | Tel aviv ]
18/19 (Israel)
Patrick AFB

25 1 1 ! L N i 1
-80 -60 -40 -20 0 20 40

Longitude (E)

Figure 2a. Flight path of FISTA ("F") and ARIA. Times are marked in
Universal Time (UT).

Following a daytime flight to McGuire AFB in New Jersey, the
campaign started in the night of Nov. 13/14. The first Leonids were
observed en-route to England. The FISTA aircraft briefly changed course
to observe a sudden auroral display. This excercise proved a useful test
of communication protocols for rapid response during the upcoming
persistent train observations (Figure 2a). In the UK, Royal Air Force
Station Mildenhall supported maintenance of KC135-type aircraft. At
nearby RAF Lakenheath, we entertained school children with the “how's
and why's” of our mission. After a rest day, the mission commenced
from England to Israel’s Ben Gurion International Airport in the night of
Nov. 16/17. The Leonid shower showed the first signs of enhanced rates,
but no sign of a fireball shower. Numerous small technical problems
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were solved. Immediately after departure from Ben Gurion on Nov.
17/18, Leonid rates were up and peaked to a storm several hours later.
The storm was observed under excellent conditions while flying just
west of Greece on our way from Israel to Lajes Air Base in the Azores
(Figure 2b). Two course corrections were made by FISTA to
accommodate persistent train observations. Sprites and elves were
observed in an unusual lightning display over Bosnia. During the next
night of Nov. 18/19, on our way to Patrick AFB in Florida, the Leonid
meteor rates were almost back to pre-storm levels and the tail of the dust
distribution was observed.

44 e T e T

42

40 [ ﬂ;o\o\
F ot o Spa:\\ FISTA

z 3
o 38 p-Azores -
E : ARIA ® ]
" ] o

T 36 \ -
© + i
- I N
34 ~on

[ \ N

32 o

I Israetl ]

30 W RRUE SN NI W R S NN

-30 -20 -10 O 10 20 30 40
Longitude (E)

Figure 2b. Detail of Figure 2a for the night of November 18, 1999. Markers
indicate 1 hour intervals and black dots mark the positions of the aircraft at the
peak of the storm (02:02 UT).

2.1.1. Ground-based research support

At the same time, members of the Dutch Meteor Society set up ground
sites for photographic multi-station photography and flux measurements
at two locations in Spain (Figure 2b). Czech observers from the
Ondrejov Observatory participated in this effort. In Israel, sensitive Very
Low Frequency (VLF) radio sensors and Very High Frequency (VHF)
radar were operated, aiming for some of the same meteors as seen from
the aircraft (Brosch, 2000). ESA established a ground-based effort at
measuring meteor flux at the Calar Alto observatory in Spain (Zender et
al., 2000), while the USAF sponsored ground-based campaign attempted
to view the storm from sites in Israel, at the Canary Islands, and in the
Canadian Arctic at Alert, Nunavut (Treu er al., 2000).
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TABLE1]
Instrument A FOV AMA Rate Alt. Target Affiliation
micron ) Hz )

FISTA:
High-res UV spectr.  0.30-0.41 37x21 250 30 30  meteor spectra Lockheed
Intensified HD-TV ~ 0.35-0.9 10-60 250 30 50-90 meteor (spectra) ISAS?
All-sky camera 0.4-08 180 -- 30 90 fireballs Utah State U.
Filtcred CCD imag. 0.4-09 23x18-.- 30 30  airglow/sprites Utah State U.
Intensified vidco 0.4-0.8 40,90 -.- 30  22-50 meteor flux SETI Institute
Filtered int. video 0.4-09 16,10 -.- 30 80  lightcurves Univ. Regina'
Low-res VIS spectr.  0.4-0.9 20 120 30 6l meteor spectra  SETI Institute
Low-res VIS spectr. 0.4-0.9 25 200 25 30  meteor spectra Ondrejov Obs.”
High-res VIS-NIR ~ 0.4-0.9 5 1,600 0.7 30  meteor spectra SETI Institute
Fabry-Perrot spectr. 0.52 12x9 90,00030 30  meteor spectra Lockheed
Daisy NIR spectr. 0.9-25 20 var. 0.01 12  meteor spectra Washington U.
Near-IR InGaAs FPA 0.9-1.67 4x4  -- 30 20  airglow/meteor Utah S.U./NRL
Michelson interf. 1.0-1.651.5 4,000 0.3 20-60 airglow/train ~ AFRL/SRL
Michelson interf. 1.5-3.0 1.5 2,000091 20-60 airglow/train ~ AFRL/SRL
Mid-IR FPA imager 2.5-3.5 4x4 -- 30 12 meteor AFRL/SRL
MIRIS 3.0-55 15x5 200 167 40  meteor/train Aerospace Co.
BASS 25-13 4 30-125200 12 persistent train  Aerospace Co.
ARIA:
Intensified HD-TV ~ 0.4-0.8 37x2I -.- 30 0-60 triangulation ISAS?®
Filtcred CCD imag.  0.35-0.8 7x8 52 30 30 trains/meteors  Utah State U.
White light CCD im. 0.4-0.9 23x18-- 30 30  airglow/sprites Utah State U.
Intensified video 0.4-08 40  -.- 30 22-50 real-time flux ~ Multi-National
Intensificd CCD im.  0.4-0.8 10 -.- 25 15 meteor flux ESA/SSD *
Grism UV-VIS 0.3-0.8 40 200 30 0-60 meteorspectra NOAO®
Slit UV-VIS spectr. 0.3-09 1 240 0.5 0-30 train spectra NASA ARC
300 mm int. vidco 0.4-0.8 5 -- 30 0-30 train images SETI Institute

1 Canada; 2 Czech Republic; 3 Japan; 4 Netherlands

2.2. EXPERIMENTS

Eight experiments were performed onboard ARIA and 17 onboard
FISTA (Table I). Most significant changes compared to the 1998
campaign were the replacement of the airborne LIDAR and the
meteoroid cloud imaging experiment on FISTA. In their place came an
international team of eight experienced meteor observers on ARIA that
was assigned to gather near-real time flux measurements using video
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head displays and a newly designed counting tool, and transmit that
information to ground locations in the USA. An intensified CCD camera
provided by ESA was included to help calibrate the flux measurements.
New experiments on FISTA included the DAISY Fourier transform
spectrometer for near-IR spectroscopy of meteors and a near-IR InGaAs
camera for near-IR imaging. Two new experiments targeted the 0.3-0.4
micron region for spectroscopy of meteors using Fabry-Perot and grism
slit-less spectroscopy. An all-sky camera for fireball detection was
installed on FISTA, while narrow band airglow imagers from the
University of Utah flew on both aircraft. Finally, a new fiber-optic
coupled spectrograph was built for meteor trains and deployed on ARIA.
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Figure 3. Relative position of instruments on-board FISTA.
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Figure 4. As Figure 3a for ARIA.
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The layout of the instruments is shown in Figures 3 and 4. Specific
reasons for the chosen layout on FISTA are given in Jenniskens and
Butow (1999). The instruments on ARIA were positioned behind eight
optical glass windows, four of which were newly installed in order to
accommodate stereoscopic viewing with FISTA (Figure 4). During the
Leonid storm, the ARIA aircraft was flying south of FISTA (Figure 2b).
Because the FISTA windows are located on the right side of the aircraft,
the overlapping area for stereoscopic work was north of, and above,
FISTA's trajectory. Stereoscopic High Definition TV (HDTV) imaging
was complimented with narrow band imaging of meteors in the same
direction to facilitate comparison with total light output. A set of two
intensified cameras was mounted at each side of the isle for flux
measurements. The train spectrograph was positioned behind the only
relatively large window available on ARIA, with a long focal length
intensified camera co-aligned to help find and image the persistent trains
seen by the spectrograph.

TABLE II
Frequency Type Purpose
Band
VHF AM 1 Air-to-Ground Air Traffic Control
VHF AM 2 Air-to-Air Pilot's Discrete
UHF AM | Air-to-Air PI's Discrete
UHF AM 2 Air-to-Air Extranet Datalink (2.4 kbps)
HF | Air-to-Ground Long Range C3 Back Up
HF 2 Air-to-Ground Lajes Command Post
HF 3 Air-to-Ground Spare
UHF SATCOM | Air-to-Space Track II Datalink (64 kbps)
S BAND Air-to-Space TDRSS Video Uplink (3Mbps)
L. BAND Air-to-Air INMARSAT SATCOM Voice / Datalink
(9.6 kbps)
L BAND Air-to-Space IRIDIUM Satellite Telephone - ADVON
INTER 1 Interphone Cockpit Interphone
INTER 2 Interphone Mission Coordinator's Common
INTER 3 t0 5 Interphone Mission Scientists Discrete Channels

2.3. COMMUNICATIONS

Leonid MAC ’99 was unprecedented in its use of space-based satellite
assets to provide precise positioning and telemetry services in flight.
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Both geo-stationary and Low-Earth Orbiting (LEO) satellite systems
were utilized. Most notably, NASA’s Tracking Data Relay Satellite
System (TDRSS) provided a real-time video link from aircraft to NASA
Ames Research Center where the compressed digital video signal was
simulcast to the Internet. Voice and data communications were also
transmitted via MILSTAR and INMARSAT while weather was
monitored from the METEOSAT GEO European Weather Satellite
System.

The communications can be characterized by three separate modes of
operation: Air-to-Air, Air-to-Ground, and Air-to-Space (Table II).
Communications between the two aircraft, combined with the first time
use of a space-based datalink, facilitated maneuvering coordination and
joint tracking of persistent trains. A unique feature of this year was the
availability of MS-Track II. The Track II datalink provided continuous
3-dimensional GPS positioning of the mission aircraft. The Track II also
supplied e-mail and file sharing capability between aircraft and
participating ground stations. This made it possible for the HDTV team
to know at all times the direction of the other aircraft during stereoscopic
measurements. A VHF voice link (AM2) was used to assist alignment of
the fields of view of the HDTV cameras.

A video-editing studio was set up in the back of the ARIA aircraft
where the best video image of 8 different cameras was selected for live
broadcast to NASA ARC. For that purpose, we used the ARIA 7-foot
communication dish mounted in the nose and S-band transmission over
the NASA TDRSS network. Flux measurements were transmitted over
telephone lines using INMARSAT by means of a local area network on
ARITA. The combined capability provided a constant source of real-time
data to the Leonid Operations Control (LEOC) at NASA Marshall Space
Flight Center (MSFC) and the Leonid MAC command and control center
at NASA ARC. Air-to-Ground communications with the Israeli radar site
served to correlate real-time surface and airborne Leonid observations
during the first two hours on peak night.

A disadvantage of being inside an aircraft as opposed to being in the
open air is that bright fireballs and their persistent trains are not easily
noticed. To detect fireballs, an all-sky camera was connected to
experimental automatic meteor recognition software. In case of a
detection, a warning was transmitted over the local area network.
Unfortunately, the system was not operational on peak night due to
technical difficulties. Fortunately, fireballs and their persistent trains
were so numerous that many were detected.
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70 II]§'I|I Figure 5. Rate of meteors detected
during the 1998 and 1999 MAC
- H campaigns. Dashed line shows the
60 i 71 level of peak annual Perseid
1999 1 shower activity.
50 L i ]
o * ] 3. Results
2 a0 -
g L annual & 1 The magnitude of the storm is
g [ Perseids 1 illustrated in Figure 5, which
z °0r / 7 shows the raw Leonid counts
1 per camera on Nov. 18, 1999.
20 '_ 1 Rates soared to a Zenith Hourly
1 Rate ZHR ~ 4,000 hr' at 02:02
# 1 UT on November 18, which is
10 [ / ~ 100s | twenty times higher than peak
[ | ﬁw Ml o P e rates during the 1998 Leonid
0 LA '--f”«‘?-’f'“'-?..,?"'-‘|.1'---..n'xv: MAC mission, and 50 times

4 o0 1 2 3 a4 5 6 7 higher than a typical Perseid
time (hr, Nov. 18 1999 UT) shower (shown as a dashed
line). Approaching anecdotal
accounts by ground-based observers of the 1966 storm, the rates near the
horizon in 1999 were phenomenal, occasionally with 7 Leonid meteors
visible simultaneously in the field-of-view of intensified cameras. By all
definitions the event qualified as a "storm", which is usually defined as
apparent visual rates above 1 meteor per second or as ZHR > 1,000 hr'.
Near-real time flux measurements were obtained in the nights of Nov.
16 to 18, 1999. About 15,000 meteors were reported from an effective
field of view of about 190,000 km® (4 cameras). On the peak night,
meteor counts commenced at 23:30 UT shortly after takeoff, but only at
00:50 UT were we able to submit the counts in near-real time to the
server at NASA ARC. The counts show the onset of the storm and trace
the contour of the activity curve well. A web site presented the counts in
comparison to predicted activity, with updates every 10 minutes, and
later every 5 minutes (Figure 6). From NASA ARC, the counts were
send to the Leonid Operation Center (LEOC) at NASA MSFC, for
dissemination among NASA and USAF satellite operators.
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Figure 6. Leonid meteor rates reported in real time by the ARIA flux
measurement team compared to the predicted activity (solid line).

The flux rates were compared on-line to predictions built in a JAVA
applet called "Leonid MAC Flux Estimator", which allowed anyone on
Earth to calculate the anticipated apparent Leonid rates as seen from
his/her location and observing conditions. The applet was posted at the
Leonid MAC website in the months leading up to the 1999 storm. The
profile contained the expected storm, but also an anticipated second peak
at the predicted time of passing the 1866 dust trail, with assumed peak
rates of ZHR = 1,500 for the storm and ZHR = 100 for that second
component. The basic ingredients were the predicted peak times
(McNaught and Asher, 1999), the width from past Leonid storm profiles
(Jenniskens, 1995), and peak rates estimated from past encounters. The
comparison was satisfactory (Figure 6), and demonstrated the advance in
recent meteor shower prediction models.

The number of fireballs and persistent trains was phenomenal. Table
IIT gives all recorded fireballs with significant persistent trains (e.g.,
Figure 7). There were thirteen persistent trains lasting longer than 4
minutes. The afterglow of the 04:00:29 UT fireball, was so bright that it
registered on slit-less spectrographs. The persistent train of this meteor
was distorted by upper atmospheric winds into a figure "2" and was soon
named the "Y2K" train. The train was well observed thanks to a flight
adjustment by the FISTA operators.
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Figure 7. Persistent train of the 02:13:30 UT fireball as seen from ARIA.

TABLE II1
Time My Duration  From - Until h FISTA h ARIA
uT) (magn.)  (min.) um) ) %)
| (23:28:28)" -.- Leo >6.5 23:29:54 - 35:55 -- nodata 6 AL5S0R
2 00:15:09 -5 Leo 0.47 00:15:09 - 15:35 10 FL50F -.- nodata
3 00:37:59 -7 Leo 1.8 00:37:59 - 39:45 5 FL30R -~ nodata
4 00:50:15 -5 Leo >4.5(00:52:20) - (56:50) 90 FHS0F -~ nodata
5 00:52:18 -6 Leo > 18 (00:52:51)"-(11:00) 18 ARS50R
(01:00:23) - (00:35) 61 FHS0R
6 (01:52:34) -12 Leo >39 (01:59:17) - (02:12:20) 12 ARS5OF
(02:17:30) - (31:00) 12 AR50R
(02:03:16) - (14:20) 17 FL50F
7 01:57:3¢ -5 Leo 0.1 01:57:34 -~ nodata 14 ARSOF
8 02:06:31 -5° Leo 0.5 01:06:31 - 07:01 -- nodata 16 ARSOR
9 (02:11:32) -.- Leo > 18 (02:12:20) - (30:00) 17 FL50R -.- nodata
10 02:13:30 -9 Leo > 13 02:13:30 -(29:30) -- nodata 15 ALSOF
11 02:15:31 -5 Leo >4 02:15:31 -(19:40) 90 HDF2-2 -.- nodata
12 02:23:29 -10 Leo > 17 02:23:29 - (34:54) 7 ARS50R

02:23:31 - (24:49) 9 FL50F
(02:25:07) - (26:006) Daisy
(02:26:08) - (41:40) FL50R
13 02:24:38 -8 Leo 7.5 02:24:38 - 32:00 6 ARS0OR

\O O

02:24:40 - (24:55) 9 FL50F

(02:25:37) - 32:00 9 Daisy
14 02:44:32 -5 Leo 0.1 02:44:32 -- nodata 17 ARSOF
15 03:03:24 -6 Leo 0.33 03:03:24 - 03:44 6 FL50R -.- nodata
16 (03:30:33) -.- Leo > 18 (03:30:52) - (48:30) -- nodata 3 AL300
17 03:39:18 -8 Leo 12 03:39:18 - 51:30 8 Daisy -.- nodata

18 (03:40:12) -.- Leo >4 (03:41:10) - (44:46) nodata 4 AL300
19 04:00:29 -13 Leo > 13 04:00:29 - 13:29 13 ARS5S0R
(04:01:52) - (09:47) 14 FL50R
(04:01:15) - (01:53) 14 FH50R

a) time from scattered light, meteor outside field of view; b) brackets indicate that the
persistent train entered or left the ficld of view; c) flare
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Figure 8. Left: Elve disk (with characteristic dark central region) imaged from
the FISTA aircraft at 02:10:00.79 UT on the night of the Leonid storm. Right:
Bright sprite imaged from ARIA aircraft at 02:44.15.475 UT on the same night.
Both events were observed over the Balkans. Images courtesy Mike Taylor and
Larry Gardner, Utah State University.

TABLE IV

Time (UT) Type  Observer/PI Instrument

FISTA:

01:58:11.83*° elve Gardner / Taylor  ICCDI
02:07:35.09* elve Gardner / Taylor  1CCD1
=02:07:3498  elve Smith / Jenniskens Daisy
02:08:49.13 elve Gardner / Taylor  ICCDI1
02:10:00.79° elve Gardner / Taylor  ICCDI1
=02:10:00.72  elve Smith / Jenniskens Daisy
02:15:26 sprites  Smith / Jenniskens Daisy
02:21:28.59° elve Gardner / Taylor  ICCDI1
=02:21:28.55  elve Smith / Jenniskens Daisy
02:23:10.80° elve Gardner / Taylor  1CCD1
=02:23:10.65 elve Smith / Jenniskens Daisy
02:38:22.12° elve Gardner / Taylor  ICCD1
02:54:34.34° elve Gardner / Taylor  ICCDI
02:57:25.59*° elve Gardner / Taylor  ICCD1
02:58:52.46° elve Gardner / Taylor  ICCD1

a) two-station
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Figure 9. The 2:21:28.57 UT Elve as seen from ARIA towards the constellation
of Draco. Image courtesy: Hajime Yano (ISAS), filmed with NHK Hivision
HDTV-II camera.

TABLE V

Time (UT)  Type Obs./PI Instr. Time (UT) Type Obs./P] Instr.
ARIA:

01:56:05.97 elve  Abe/Yano HDTV 02:38:22.10 elve® Abe/Yano HDTV
01:58:11.83" elve  Abe/Yano HDTV 02:38:30.30 elve Abe/Yano HDTV
01:58:13 sprites Jenniskens ARS5S0F  02:41:34.31 elve Taylor ICCD2
02:01:08.53 elve Abe/Yano HDTV  02:42:34.47 elve + spr. Taylor ICCD2
02:01:10.40 elve  Abe/Yano HDTV 02:42:48.73 elve Abe/Yano HDTV
02:07:35.13" elve  Abe/Yano HDTV 02:44:15.47 elve + spr. Taylor ICCD2
02:10:00° elve  Abe/Yano HDTV 02:46:59.64 elve Taylor 1CCD2
02:13:39.97 elve  Abe/Yano HDTV 02:48:14.01 elve Taylor ICCD2
02:21:28.57 elve® Abe/Yano HDTV  02:49:13.47 sprite Taylor ICCD2
02:23:10.77 elve® Abc/Yano HDTV 02:49:34.33 elve Taylor 1CCD2
02:26:25.00 elve Abe/Yano HDTV 02:50:08.53 elve Taylor ICCD2
02:31:21.13  sprites Abe/Yano HDTV 02:51:01.22 elve + spr. Taylor ICCD2
=02:31:21  sprites Jenniskens ARSOR  02:51:59.47 elve Taylor ICCD2
02:31:57.57 sprites Abe/Yano HDTV 02:52:31.24 elve + spr. Taylor ICCD2
=02:31:58  sprites Jenniskens ARS50R  02:53:34.00 elve Abe/Yano HDTV
02:33:48.53  sprites Abe/Yano HDTV 02:54:34.33 elve® Taylor ICCD2
=02:33:48  sprites Jenniskens ARSOR  02:55:48.54 sprite Taylor ICCD2
02:34:32.03 elve  Abe/Yano HDTV 02:57:25.60 elve " Taylor ICCD2
=02:34:32  halo Jenniskens ARS0R  02:58:52.46 elve® Taylor ICCD2
02:36:11.57 elve  Abe/Yano HDTV =02:58:53.00 elve Abe/ Yano HDTV
02:38:10.40 elve  Abe/Yano HDTV 03:01:52.14 elve Taylor ICCD2

a) two-station
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The airglow was strong during much of the peak night, in contrast to
the exceptionally low levels of airglow detected in 1998. The OH
airglow appeared to increase in intensity in relation to the activity of the
shower, but other airglow emissions remained unchanged. On the flights
to and from Europe, simultaneous measurements were performed from
the ground and air in collaboration with the Air Force Research
Laboratory (AFRL) at Hanscom AFB (R. Huppi). The ground-based
sites were located in New Hampshire (Nov. 13) and in Utah (Nov. 20).

During the meteor storm, a lightning complex over the Balkan was
passed at a favorable distance to measure elves and sprites. Eleven
sprites and 33 elves were recorded between 1:56 and 3:02 UT, which are
listed in Table IV (FISTA) and Table V (ARIA). Elves are very brief
(<1ms) duration horizontally expanding disks of light (up to ~300 km in
diameter) that are induced by the absorption of electromagnetic pulse
(EMP) radiation at the base of the nighttime ionosphere around 90-100
km (in vicinity of the meteor ablation level) and are due to powerful
cloud-to-ground lightning discharges (Figures 8 and 9). Sprites are
transient (several ms), vertically structured optical emissions that are
thought to be due to large quasi-static electric field gradients over
thunderstorms (Figure 8, right). They occur most often in association
with large positive cloud-to-ground discharges. Sprites can extend from
the lower ionosphere (~90 km) into the stratosphere (30—40 km). Both
sprites and elves have identifiable ELF/VLF signatures, detected by the
ELF/VLF sensors in Israel.

4. Discussion

So shortly after the observing campaign, the results of data analysis often
raise more questions than answers. These special issues of Earth, Moon
and Planets (volumes 82 and 83) contain some of the first results
presented at the Leonid MAC Workshop that was held in Tel-Aviv,
Israel, from April 15-19, 2000 (Rietmeijer, 2000). The first results from
the 1998 mission have been published in special issues of Meteoritics &
Planetary Sciences (Vol. 34 (6), Nov. 1999) and Geophysical Research
Letters (Vol. 27 (13), July 2000). All tie into a comprehensive study of
physical processes that, until now, have remained much ignored due to
Jack of data.
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4.1. SCIENCE ISSUES IN ASTROBIOLOGY

In search for clues to the origin of life on Earth, a key issue is to
understand all possible pathways that lead from carbon atoms to
prebiotic compounds. Of traditional interest are organic molecules in the
meteoroids that survive as micrometeorites. Now, attention is given to
the organic matter that is deposited in the atmosphere during ablation,
and the atmospheric reduced molecular compounds that are created in
the path of meteors.

Last year's finding that Leonid fireballs tend to start their luminous
trajectory as high as 196 km altitude (Spurny et al., 2000a) is of interest
because only rather volatile materials such as organic carbon compounds
are thought to evaporate at these high altitudes. Now, Spurny et al.
(2000b) have discovered an unusual type of radiation above 136 km
altitude, where Leonid meteors are distinctly diffuse with a V type wake.

The role of meteors in delivering organic carbon at lower altitudes is
discussed in Jenniskens et al. (2000a), who searched for breakup
products such as C, and CN. Especially CN is readily detectable even in
low excitation conditions. In 1998, no CN or C, were detected in Leonid
spectra between 700 and 870 nm. It was submitted that organic carbon
compounds survive meteoric ablation in the form of large molecular
compounds, in which case meteors are an efficient vehicle for delivery of
organic carbon. This year, Rairden et al. (2000) provided further support
for this hypothesis by reporting a strong lower limit of less than 1 CN
molecule per 3 Fe atoms being produced in the meteoric plasma, based
on a non-detection of the CN B—X transition at 387 nm.

Some indication that hydrogen may be lost in the process is given by
this year's detection of hydrogen emission from the head of the bright
04:00:29 UT fireball at an unusual abundance of 10-20 H per Fe atom
(Borovicka and Jenniskens, 2000). However, it needs to be confirmed
that this hydrogen originates from organic carbons in the meteoroid
rather than from water or hydrogen gas in the ambient atmosphere.

Another aspect of meteors is the production of reduced atmospheric
compounds by conversion of kinetic energy. Jenniskens et al. (2000a)
present the first direct measurements of the air plasma temperature in a
meteor wake by comparing meteor emission spectra with air plasma
models. The result, T ~ 4,300 K, is just high enough to break up CO at
thermodynamic equilibrium. That can lead to an interesting crop of
reduced organic compounds in a CO, rich early Earth atmosphere.
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Following the precise temperature measurements in the wake of
Leonid meteors in last year's mission, Boyd (2000) presents the first
meteor models that use “Direct Simulation” Monte Carlo calculations to
approach the rarefied molecular flow conditions of small bodies in air at
high Mach numbers. Popova et al. (2000) describe the conditions of
ablation. In the head of the meteor, the molecules are found to be mostly
in a collision-less regime where they will cool rapidly by radiation.
Indeed, Rossano et al. (2000) present the first mid-IR detection of
meteors from measurements during the 1998 Leonid Multi-Instrument
Aircraft Campaign, and find no sign of a persisting thermal emission.

Once released in the Earth's atmosphere, it is important to know the
physical conditions in the meteor path and possible chemical pathways
involving the interaction with the atmosphere. Borovicka and Jenniskens
(2000) calculated the cooling rate of the heated gas from spectra of
neutral meteoric metal atom lines in the meteor afterglow of the 04:00:29
UT fireball. Numerous non-thermal mechanisms are observed in this
cooling process. Slit-less spectra obtained shortly after a 1998 Leoind
fireball were published by Abe et al. (2000). Once the afterglow has
faded, a long-lasting persistent train remains. During 1999, the first slit-
less and slit spectra of persistent trains were obtained at these later
evolutionary stages. Apart from sodium line emisison, a yellow
continuum is observed that is interpreted as NO, (Borovicka and
Jenniskens, 2000), suggesting an efficient production of NO, or
alternatively is due to FeO emission from airglow-type chemistry
(Jenniskens et al. 2000b). The observations appear to confirm the
occurrence of airglow-type chemistry but many aspects of the dynamics
and appearance of persistent trains are not yet understood (Kelley et al.,
2000; Jenniskens et al., 2000c¢).

A spectacular result was the first measurement of mid-IR emission in
persistent trains. Enhanced emissions of CH,, CO, and H,O were
detected, which may originate from trace air compounds or materials
created in the wake of the meteor (Russell et al., 2000). A temperature of
T ~ 300 K is measured minutes after the meteor, which is consistent with
earlier LIDAR probes of the Doppler temperature of sodium atoms in
persistent trains at the Starfire Optical Range by Chu et al. (2000a).

Of special interest for understanding the fate of meteoric materials is
the detection of a red continuum in the 04:00:29 UT fireball spectrum
that is interpreted to be caused by meteoroid debris at T~1,400 K
(Borovicka and Jenniskens, 2000). This temperature is close to the
evaporation temperature of silicates at the atmospheric pressures in the
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upper atmosphere (Rietmeijer and Nuth, 2000). Indeed, there is evidence
for continuing ablation in part of the afterglow. Given the unusual long
lifetimes of neutral iron in the meteor path measured during the 1998
Leonid MAC mission (Chu et al., 2000b), this emitting dust is not likely
to be re-condensed meteoric vapor but rather debris from fragile
cometary grains. Indeed, Rietmeijer and Jenniskens (2000) point out that
certain types of spheres reported in the NASA Cosmic Dust Catalogs
may be meteoroid debris of known showers. Mateshvilli e al. (2000)
report the detection of continuum scattering of sunlight from the
meteoric layer and follow what appears to be the settling of meteoric
dust. Rietmeijer and Nuth (2000) describe the mineralogical and
chemical diversity among incoming meteoroids.

4.2. ISSUES IN PLANETARY SCIENCE

Meteor showers are a window on the dynamical evolution of comets and
provide information about the composition and morphology of relatively
large cometary grains. Those grains are the nearest analog to comet
surface materials and may help prepare for comet lander missions.

4.2.1. Comet dust trails and meteoroid stream dynamics

Young meteoroid streams may still carry information on their formation
history and, thus, probe the mass-loss of comets. The dynamics of
ejection from comets and the subsequent dynamical evolution of
meteoroid orbits under planetary perturbations leads to the formation of
cometary dust trails, which are ultimately responsible for the meteor
storms. McNaught and Asher (1999) and Lyytinen (1999) published
results of dust trail models that assumed very low ejection velocities.
This approach was used before by Kondrat'eva and Reznikov (1985) to
understand the Leonid showers, based on early calculations by
Kazimircak-Polonskaja er al. (1968). However, their predictions of
Leonid meteor storm occurrences, including strong returns in 2001 and
2002, were so much different from those by others that their results were
not widely accepted. Now, the return of the Leonid storm at the predicted
time of passing the 1899 dust ejecta and, perhaps even more so, the
occurrence of a second peak at the time of passing the 1866 ejecta (Arlt
et al., 1999; Jenniskens et al., 2000d) confirm these predictions. This
establishes that a comet dust trail is composed of many "trailets" from
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each return of the comet. Lyytinen and Van Flandern (2000) now report
new predictions for future returns of the Leonids based on refinements
from a more comprehensive treatment of radiation pressure effects.

The 1999 Leonid storm peaked at 02:02 + 02 UT and the peak ZHR
was about 4,000 hr™' (Arlt et al., 1999; Jenniskens et al., 2000d; Brown et
al., 2000). The storm profile was smooth with no clear sign of
filamentary structure when averaged over sufficient spatial scale
(Jenniskens et al., 2000d). Until now, activity curves of meteor showers
were either thought to be Gaussian or exponential distributions. The
good statistical precision of the airborne measurements established the
shape to be a Lorentzian distribution (Jenniskens et al., 2000d). It is not
clear what physical process is responsible for this shape.

The cause of the second Leonid shower peak in the night of Nov. 17,
1998, appeared at odds with the current model, because the Earth passed
relatively far from the various trailets. Now, Betlem et al. (2000) and De
Lignie et al. (2000) find evidence that this dust may well have been a
manifestation from the 1899 trailet, despite of the perturbation of that
section of the 1899 trailet by the Earth in the previous return (McNaught
and Asher, 1999; Lyytinen and Van Flandern, 2000).

4.2.2. Meteoroid composition and morphology

In comparing airborne Leonid light curve observations, Murray et al.
(2000) report a noticeable difference in the shapes of the light curves
from the1998 and 1999 missions. In both years, the light curves support
the quick breakup of fragile meteoroids but this year's fragments were
more abundant in larger pieces.

From narrow filter Mgl imaging onboard ARIA, Taylor et al. (2000)
confirm the occurrence of jet-like features in meteors, seen earlier in
white light by LeBlanc et al. (2000). This points towards small
meteoroid fragments being ejected at high speed.

Preliminary statistical analysis of the meteor time of incidence does not
show evidence for breakup of meteoroids upon approach to Earth, which
would have produced a significant increase over a Poisson distribution of
short time intervals between 1/30 and 1 second (Gural and Jenniskens,
2000). Gural and Jenniskens find evidence of periodic excursions in
meteor rates that may be the result of an early breakup of large grains.
These excursions may be related to the fine structure in the activity
profile reported independently by Singer et al. (2000), who find a yet not
understood quasi-periodic behavior.
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4.3. ISSUES RELATED TO THE SATELLITE IMPACT HAZARD

The '99 Leonid MAC was part of a larger US Air Force sponsored
campaign to provide meteor flux data to satellite operators in near-real
time (Treu et al., 2000). Leonid MAC provided the most precise flux
measurements with meteor rates near the horizon up to 5.3 + 0.4 times
higher than for identical cameras pointed high in the sky at the ground-
based mountain observatory of Calar Alto (Koschny and Zender, 2000).
This precision enabled an early assessment of the impact hazard (Figure
6), by extrapolating the increase of flux to the predicted time of the peak,
half an hour before the peak occurrence of the storm (Jenniskens et al.,
2000d).

Gural and Jenniskens (2000) provide a first analysis of 17 minutes of
data from one camera, calculating the distribution of meteors on the sky
and providing an absolute flux measurement of 0.82 = 0.19 particles km™
s (M, < 6.5 magn.) at the peak of the 