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Abstract Intensive E region ionization extending up to 140 km altitude and lasting for several hours
was observed with the European Incoherent Scatter (EISCAT) UHF radar during the 2002 Leonids meteor
shower maximum. The level of global geomagnetic disturbance as well as the local geomagnetic and
auroral activity in northern Scandinavia were low during the event. Thus, the ionization cannot be explained
by intensive precipitation. The layer was 30–40 km thick, so it cannot be classified as a sporadic E layer
which are typically just a few kilometers wide. Incoherent scatter radars have not to date reported any
notable meteor shower-related increases in the average background ionization. The 2002 Leonids storm
flux, however, was so high that it might have been able to induce such an event. The Chemical Ablation
Model is used to estimate deposition rates of individual meteors. The resulting electron production, arising
from hyperthermal collisions of ablated atoms with atmospheric molecules, is related to the predicted
Leonid flux values and observed ionization on 19 November 2002. The EISCAT Svalbard Radar (ESR) located
at some 1000 km north of the UHF site did not observe any excess ionization during the same period. The
high-latitude electrodynamic conditions recorded by the SuperDARN radar network show that the ESR was
within a strongly drifting convection cell continuously fed by fresh plasma while the UHF radar was outside
the polar convection region maintaining the ionization.

1. Introduction

The nighttime ionization of the atmosphere originates from different sources. During the polar summer
in the Arctic and Antarctic, the midnight Sun causes photoionization. Some auroral precipitation is always
present at high latitudes. The polar ionosphere is dominated by the strong two-cell convection drift which
transports the ionized masses. At middle and low latitudes, various instabilities, irregularities, tides, and
waves carry around ionization provided by radiation from space. The influx and ablation of meteoroids
cause a variety of metal atoms to be injected into the atmosphere at hyperthermal velocities; collisions
of these atoms with air molecules is another source of ionization [Vondrak et al., 2008], which is global
in extent. Most of this ionization occurs within the ionospheric E region overlapping the meteor zone
extending from 80 to 120 km.

The sporadic meteoroid influx has various periodic behaviors, such as the daily Apex maximum during the
local morning hours and Antapex minimum at evening. There is also an annual midnight Sun-like effect
with a maximum influx in the fall, when the Earth is tilted toward and a minimum flux in the spring, when
the Earth is tilted away from the Apex in the Northern Hemisphere and opposite in the southern one [Szasz
et al., 2004]. Shower meteors associated with comets often have a larger-size population and are thus opti-
cally more frequent than the sporadics, while the latter contain much higher fluxes at small masses [Hughes,
1978]. An excess ionizing effect of the shower meteors has been predicted [Lebedinets and Shushkova, 1970]
but not observed to date.

Meteor trails are expanding cylindrical columns of ionization following an ablating meteoroid entering the
Earth’s atmosphere. In this process the region of ionized gas formed around the meteoroid expands almost
instantaneously to a so-called initial radius, which is proportional to the mean free path. The trail then
expands at a much slower rate governed by radial ambipolar diffusion. Employing a total meteoroid mass
influx model of 1.0 × 10−16 g cm−2 s−1 [Hughes, 1978; Grebowsky et al., 1998], two trains of meteoroids mass
10 μg (corresponding to a radius of 100 μm for a density of 2000 kg m−3) will meet after 4 min at 115 km
altitude due to molecular diffusion [Hunten et al., 1980]. Thus, the ionization spreads rapidly compared with
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ion-electron recombination chemistry, contributing to a general enhancement of the plasma concentration
in the lower ionosphere.

In this paper we will investigate if the intensive E region ionization during the Leonid maximum in 2002
was caused by meteors. We will employ the Chemical Ablation Model (CABMOD) [Vondrak et al., 2008] to
study whether the meteoric ionization can extend as high as we observe with the radar, beyond 130 km
altitude. Finally, we will consider the background ionospheric dynamics to try to understand why the
EISCAT mainland UHF radar monitored such a layer, but the ESR radar on Svalbard only recorded very weak
ionization simultaneously.

2. The Leonids Meteor Shower 2002

The reentry of the 33 year period comet 55P/Tempel-Tuttle to the central solar system toward the end of
last millennium raised high expectations for a decade around the perihelion date 28 February 1998. The
comet had given the most spectacular meteor storms in 1799 and 1833 and was known to have a lot of
remnants around its orbit from the earlier Sun passes. Many high-altitude shower meteors were reported
during the most active Leonids periods around the turn of the millennium [Fujiwara et al., 1998; Koten et al.,
2006]. As a population coming from the Apex direction toward the Earth, the Leonids are very fast −70 km/s.
Thus, Leonids undergo significant sputtering and heating, which potentially leads to melting and ablation,
at higher altitudes than for the average sporadic population.

The years closest to the perihelion enabled modelers to provide reliable predictions of the occurrence and
intensity of the dust trails ejected by the comet in 1767 and 1866, so that the observed 2002 Leonids agreed
well with the models [McNaught and Asher, 2002; Jenniskens, 2002]. The 1767 trail was optimal for Western
European observing conditions. Earth passed through it around 0400 UT on 19 November and highly
increased meteor activity was reported from 0330 to 0530 UT. The Zenith Hourly Rate (ZHR) reached some
2400 [Jenniskens, 2006].

Many strong optical meteors were seen above the EISCAT location in Northern Scandinavia [e.g.,
Pellinen-Wannberg et al., 2004]. As shown below, the mainland EISCAT UHF radar observed an intensive
E layer extending up to 140 km altitude between 0300 and 0630 UT. The EISCAT Svalbard Radar (ESR) was
measuring simultaneously but did not observe any increased ionization. There are not known recorded
visual Leonid observations from Svalbard for this time. The Leonids lasted for a few hours. Thus, the exten-
sion of the swarm in space is considerably broader than the Earth’s diameter, and the flux should be
comparable within 1000 km distance.

The elevation angle of the Leonid radiant for the EISCAT UHF radar site in Tromsø and the ESR site in
Longyearbyen, as well as the reported ZHR from the International Meteor Organization (IMO) data base for
the period of interest, are shown in Figure 1. In Tromsø the radiant rose from about 40◦ above the horizon
at 0300 UT until its maximum height at about 43◦ at 0500 UT, before descending back to 40◦ at the end
of the observed ionization period at 0630 UT. At Longyearbyen the elevation varied between 30◦ and 33◦.
There are enhanced values of ZHR already from midnight. The narrow 1767 peak started to grow at 0300 UT,
reaches its maximum rate of 2400 around 0410 UT, and falls off quite fast at 0420 UT, before growing again
for a short time after 0500 UT to 1000 ZHR level and falling to some 150 ZHR at 0600 UT.

3. The Experiment, Data, and Observations

The experiments described in this paper were run on the 930 MHz EISCAT UHF radar near Tromsø, Norway
(69.58◦N, 19.23◦E), and on the 500 MHz EISCAT Svalbard Radar–ESR near Longyearbyen, Spitsbergen
(78.15◦N, 16.02◦E), some 1000 km farther north. It was clear quite early that EISCAT as well as other
high-power, large-aperture (HPLA) radars at high VHF could not distinguish increased rates of head echoes
during meteor showers [Pellinen-Wannberg et al., 1998]. For the 2002 Leonids, which were expected to be
intensive, we decided to run an ordinary ionospheric observing mode to explore whether some excess ion-
ization would appear, thus excluding a dedicated head echo mode at EISCAT. At that time it was still difficult
to cover both features, since narrow filters cut off the highly Doppler-shifted meteors because of limited
data storage capabilities.

In the Swedish special programs both radars were pointing to zenith, differing from the usual common
program runs, where the radar beam is aligned along the magnetic field line, 13◦ from the zenith for the UHF
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Figure 1. The Leonid radiant elevation angle above EISCAT UHF (+), ESR
(−), and the ZHR (solid line) estimated from about 20,000 observations
reported to the IMO data base (www.imo.net/node/120).

and 8.5◦ for the ESR. The measure-
ments extended from 95 km beyond
400 km altitude. The altitude resolu-
tion was 0.9 km over the whole mea-
surement range, but in the analysis
gradually changing from 3 km in the
E region to 20 km in the F region. The
standard autocorrelation function
arc1 and tau modes, mostly used for
auroral arc studies, were employed for
the UHF and ESR radars, respectively
[Turunen et al., 2002].

Figure 2 shows the EISCAT UHF elec-
tron density data from the incoherent
scatter analysis for the measure-
ment period 0100 to 0700 UT on 19
November 2002. The slightly tilted
structures around 0240 UT and
toward the end of the data set are

probably related to weak northward drifting precipitation along the magnetic field lines. The vertical beam
direction gives such an effect in time-versus-altitude plots. From 0200 UT a weaker ionization layer between
110 and 150 km starts to grow. From 0300 UT until 0630 UT, the layer is strong with an electron density up
to 3.4 × 1011 m−3. The enhanced ionization coincides with the increased rate of the observed Leonids in
Figure 1. The layer is 30–40 km thick and descending. This could either be due to a semidiurnal tidal wave
propagation in the morning sector, or there may be a bias toward larger meteoroids penetrating deeper into
the atmosphere before ablating toward the end of the swarm. After 0500 UT, daytime ionization starts to
grow up in the F region.

Figure 3a shows the data from Figure 2 as 1 min integrated electron density profiles every half an hour
between 0130 UT and 0630 UT. The density profiles from 19 November show a blunt-ended layer form.
The profile has the same characteristic form that is produced in simulation studies on meteoric matter
deposition in the atmosphere [Lebedinets and Shushkova, 1970; McNeil et al., 2001; Vondrak et al., 2008].
Figure 3b shows for comparison the International Reference Ionosphere (IRI) model electron density
profile extending over the F region ionization maximum at about 350 km altitude over Tromsø for the
same night [Bilitza and Reinisch, 2008]. Due to the low activity the densities are low in the E region, while

Figure 2. Time variation of the electron density versus altitude at zenith
over Tromsø during the Leonid storm.

in the F region they exceed
2.0 × 1011 m−3. In presence of aurora
the E region densities can be high.
Due to different energies of the pre-
cipitating particles, the ionization
increases even in the F region, which
was not seen during the Leonid event.
Usually, auroral activity is also more
varying with arcs drifting through the
radar beam.

Figure 4 shows similar data as Figure 2
but for the ESR. The electron densities
do not show any resemblance to the
ones at UHF in Figure 2. Several weak
and short-duration precipitation
events drift through the radar beam
during the night, but no layer forma-
tion is apparent. Electron densities are
at most some 6 × 1010 m−3.
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Figure 3. (a) One minute integrated electron density profiles at half hours (1.30, 2.30, to 6.30 UT) from the EISCAT UHF
data in Figure 2 [Pellinen-Wannberg et al., 2014]. (b) The IRI model electron density profile over Tromsø for the same night.

4. The Geomagnetic Conditions and High-Latitude Electrodynamics

The measurements described in this study were performed at high latitudes; thus, it is important to
describe the global and the local geomagnetic as well as the electrodynamic conditions. The Kp index
characterizes the level of the planetary disturbance, by combining data of the horizontal components of
the geomagnetic field from a network of observatories in 3 h periods. It was varying between 3 and 3+ in the
27-step scale with the maximum at 9. Thus, some weak auroral precipitation appeared in the auroral zone
during this event and can indeed be recognized in both radar data sets.

The magnetometer in Tromsø indicates quiet geomagnetic conditions with a maximum disturbance of
50 nT. On Svalbard at Ny-Ålesund in the vicinity of the ESR station, the corresponding value was still lower,
30 nT. Despite being close to the solar cycle maximum, the conditions were very good for observing a
meteor storm, since no large simultaneous solar-terrestrial events disturbed the measurements.

Above the polar cap in the collision free part of the ionosphere (the F region) there exists a continuous anti-
sunward plasma flow, which is closed through reversals in the auroral oval forming a two-cell convection
pattern [Axford and Hines, 1961]. The pattern changes its form according to the degree of geomagnetic
disturbance and the direction of the interplanetary magnetic field (IMF).

Figure 4. Time variation of the electron density versus altitude at
zenith over Svalbard during the Leonid storm.

The constant ionospheric convec-
tion over the polar regions has been
monitored since the 1980s with the
SuperDARN HF radar network [Greenwald
et al., 1995]. As looking toward the Sun,
the left-hand cell of the convection pat-
tern was smaller on 19 November 2002
morning in agreement with the negative
interplanetary magnetic field (IMF) By

component (Figure 5). During the night,
the convection drift associated to the
auroral oval hardly reached the European
mainland while Svalbard was inside the
convection cell. The measured F region
drifts varied from 300 m/s to more than
700 m/s over the ESR and from 20 m/s to
300 m/s over the EISCAT UHF radar. Due
to the denser atmosphere in the E region,
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Figure 5. Convection patterns from the SuperDARN HF radar network. The location of the ESR radar is indicated at
Svalbard and the EISCAT UHF location at Tromsø. The Leonid radiant direction is shown by the arrow. The employed
convection model is from Cousins and Shepherd [2010].

the drifts can be estimated to be around 35% of the F region values [Koustov et al., 2005]. Thus, we can esti-
mate drifts of a few hundreds of m/s over the ESR and some tens of m/s over the EISCAT UHF within the
meteor altitude zone. This means that the about 1 km wide radar beam volume in the E region is filled with
new plasma within a few seconds at the ESR, while it takes minutes at the UHF location. The fresh plasma
also comes from a much longer distance to Svalbard, from the other side of the polar cap. If the extension
of a convection cell is some 2–3000 km, the plasma goes around within hours. In comparison, farther south
over the EISCAT UHF site, the plasma can be considered almost static.

5. Modeling Meteoric Matter Deposition and Ionization

In this section we will estimate deposition rates of individual meteors by employing the University of Leeds
CABMOD model [Vondrak et al., 2008] and relate the results to the predicted Leonids flux and observed ion-
ization on 19 November 2002. We did not find any estimated or observed flux values for the 1767 trail in
2002. Thus, we use the 1998–2001 Leonids fluxes in Table 1 (W. J. Cooke, private communication) for the

Table 1. Expected Number of Leonid Impactors per Hour (W. J. Cooke, Private Communication)

Particle Diameter 1997,1998,2000 [m−2h−1] 1999 [m−2h−1] Worst Case [m−2h−1]

> 20 μm 0.4 2 59

> 100 μm 0.014 0.068 2

> 1 mm 1.3 × 10−5 6.5 × 10−5 1.9 × 10−3
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meteoroids. Especially, the observed 1999 Leonid storm values from the 1899 trail are comparable to the
2002 ZHR values of more than 2500 for the 1767 trail [Jenniskens, 2006]. We call this case for “1999/2002.”

The momentary electron density ne in the E region is governed by the continuity equation:

dne

dt
+ ∇ ⋅ (neve) = q − l (1)

where ve is the plasma flow velocity, q the ion production term, and l the ionization loss rate. This is the
common description of the process maintaining the ionospheric ionization. Sources for the ionization can
be the solar UV radiation at daytime, auroral precipitation at high latitudes anytime, or other smaller sources
including meteors. The divergence term can be associated to plasma drift due to the ionospheric electrody-
namics at polar latitudes which can contribute to both enhancement and loss of ionization in a fixed volume
such as a radar beam.

For the ordinary ionospheric ions NO+ and O+
2 the dominating loss process for the ionization is the

electron-ion dissociative recombination with lifetimes of tens of seconds. For the metallic ions from the
meteoroids such as Fe+, Mg+, and Na+ the situation is different. Laboratory measurements of the relevant
kinetics to form molecular ions (e.g., FeO+) show that the lifetime of these ions are many hours above
100 km altitude [Cox and Plane, 1998; Woodcock et al., 2006; Whalley and Plane, 2010].

In the present modeling, we assume a chondritic composition. The atmospheric density profile, necessary
to solve the differential equations describing the change of the velocity of the meteoroid in time, is taken
from the Mass Spectrometer Incoherent Scatter model for the latitude, longitude, and time of year [Hedin,
1991]. The ablation profiles of the different compounds are calculated starting at 500 km of altitude, where
sputtering dominates, but the ablation starts once the temperature of the meteoroid exceeds the melting
point (∼1850 K). The altitude at which this occurs depends on the mass, velocity, and angle of entry and is
below 130 km.

Due to the high speed of the Leonids, all the evaporating atoms can be assumed to ionize and the electron
production rate can be assumed to be equal to the ablation rate. The initial density of the Leonid meteoroids
is not definitely known. The estimates vary between 400 and 2000 kg m−3. In general, the ablation peak
maximum altitude varies several kilometers for different density meteoroids with otherwise similar param-
eters, being higher up for lower densities [Vondrak et al., 2008; Pellinen-Wannberg et al., 2014]. A density of
2000 kg m−3 was proposed by Williams [1997]. Rietmeijer [2002] got the same result from several estimates
of radius and density.

Starting with the observed electron density and its growth during the meteor shower we take the maximum
electron density values from the green or blue profiles in Figure 3 at 120, 130, and 140 km altitude and sub-
tract the minimum values from the black profile. The time difference between the green profile at 0330 UT
and the black profile at 0130 UT is 2 h and for the blue profile at 0430 UT 3 h. Dividing these electron den-
sity time variations with the assumed 1999/2002 flux for the smallest particles 2 m−2 h−1, we get the values
for electron production rates of 3.7 × 1010 m−1 at 120 km, 5.0 × 1010 m−1 at 130 km, and 4.0 × 1010 m−1 at
140 km altitudes.

Figure 6 shows four examples of the output of the CABMOD model. All these are run for the density of
2000 kg m−3 for the meteoroids. Figures 6a and 6b are for a 10 μg meteoroid over Tromsø with an eleva-
tion angle of 43◦ and over Svalbard with an elevation angle of 33◦, respectively. The altitude difference for
the peak Na injection rate in these cases differs by less than 1 km. Otherwise, the electron production rate
of each meteoric element is about the same. Figure 6c is for a 1 μg, and Figure 6d is for a 1000 μg meteoroid
over Tromsø. The smaller particle ablates about 13 km higher up than the larger one.

The vertical dotted lines in Figures 6a, 6c, and 6d indicate the limit above which the various elements induce
excess ionization for the different size categories and the corresponding fluxes according to the estimates
above. For the smallest particles (Figure 6c), the ionization up to 125 km altitude can be explained clearly by
the sodium ablation in the model. The extension upward can be explained by a higher meteoroid flux than
the one we have used here and in that case it would come from magnesium and iron with high abundances
in extraterrestrial matter or that the meteoroid population has a lower density than the one we used.

Since the EISCAT UHF radar is outside the polar convection drift during the 2002 Leonid maximum, the back-
ground ionosphere can be considered quite inert and thus the meteor shower could induce long-living
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Figure 6. The predicted elemental ablation process for a 10 μg meteoroid with 71 km/s and 2000 kg m−3 density. (a) The plot for Tromsø with the Leonid radi-
ant elevation angle of 43◦. (b) The plot for Svalbard with an elevation angle of 33◦. (c) The plot for a 1 μg. (d) The plot for a 1000 μg meteoroid over Tromsø
[Pellinen-Wannberg et al., 2014].

ionization. Over Svalbard the situation is different. The divergence term, which is often ignored for E region
studies in the continuity equation, shows its importance here. The polar cap ionosphere is in a continu-
ous circular drift and fed by new fresh plasma without meteoric contamination from the other side of the
Pole where the Earth shadows the Leonids radiant. This description agrees also with the electron density
behavior recorded with the ESR with several weak precipitation patterns associated to auroral arcs drifting
through the radar beam, as seen in Figure 4.

6. Discussion

Meteors contribute to the ionization of the upper atmosphere. Since the dominating sporadic meteor popu-
lation continuously feeds it, it is difficult to estimate the total effect of the meteors. Meteor showers carrying
cometary debris are spectacular since their population has a bias toward slightly bigger and thus visible
meteors, but their total influx is hardly distinguishable [Pellinen-Wannberg, 2001]. Initially, incoherent scatter
HPLA UHF/VHF radars employing very narrow beams did not observe increased rates of head echoes during
meteor showers. Recently, however, the phased array radars at Jicamarca Radio Observatory (JRO) in Peru,
the middle and upper atmosphere radar in Shikaragi, Japan, and the Middle Atmosphere Alomar Radar
System mesosphere-stratosphere-troposphere radar on Andøya, Norway, operating around 50 MHz have
recorded head echoes of shower meteors [Chau and Galindo, 2008; Kero et al., 2011; Schult et al., 2013]. The
lower frequency gives higher meteor head echo rates and a larger collecting volume due to the broader
beam, which also increases the probability of observing rare shower meteors. A confirmation about them
being shower meteors comes from the possibility of determining the orbits from the interferometric
imaging feature of the phased arrays.
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There are a very few HPLA radar facilities distributed around the world, so the probability to get meteor
storm-induced ionization within a narrow incoherent scatter radar measurement volume is low. Also, during
the past Leonids, most other radars than EISCAT were monitoring in meteor head echo modes and could not
observe the E region ionization. Since the dedicated incoherent scatter radars have never so far reported any
increased ionization due to meteor showers, it does not occur at least during moderate shower conditions.

The chemical ablation model CABMOD provides a tool to confirm that the ionization observed with EISCAT
UHF can be induced by the meteor shower. From the observed electron density and the assumed 1999/2002
flux, a limit for the rate of electron production can be estimated for the different size category particles and
the corresponding fluxes from the elemental ablation profiles. For the two smaller categories between 20
and 1000 μm meteoroids excess ionization can clearly be induced up to over 120 km altitude (Figures 6a
and 6b). Even the largest category particles (> 1 mm) can contribute to the ionization up to 111 km altitude
(Figure 6d). This can be associated to another interesting feature in our data set. In Figure 1 a smaller peak in
the ZHR rates starts to grow from 0500 UT. At the same time the ionization layer in Figure 2 suddenly drops
lower. This might be a filament with slightly larger particles penetrating deeper in the atmosphere within
the 1767 trail or meteoroids leaking from the close-by passing 1833 trail [Lyytinen et al., 2001].

7. Conclusions

There is strong evidence that the intensive E region ionization recorded with the EISCAT UHF radar during
the Leonids meteor storm on 19 November 2002 was generated by meteoric ablation followed by ioniza-
tion. The CABMOD model was used to estimate the injection rates into the atmosphere of the most common
elements of meteoric origin based on the Leonid flux estimates for the 1999/2002 1899/1767 shower trails.
The method confirms that excess ionization above 120 km altitude can be induced by sodium release.

This is the first time that meteor shower-induced ionization has been observed with incoherent scatter
radars. The behavior of the layer responded to the incoming meteor flux at the EISCAT UHF radar, but the
EISCAT Svalbard radar ESR did not observe enhanced ionization. This can be explained with the high-latitude
ionospheric electrodynamics. The ESR was within a strongly drifting convection cell continuously
feeding the monitoring radar volume with fresh plasma, while the UHF radar was outside the polar
convection region.

The very intensive storm trails exist only for a few hours. Thus, such induced ionization from the same comet
trail can hardly be observed with two different radars in sequence. Even in this case, two radars at 1000 km
distance did not record the same process. The next time we could expect conditions for similar enhanced
ionization to occur is when we are close in time to the perihelion passage of some of the comets causing the
almost 100 annual meteor showers, or if an unknown comet from the Oort Cloud with an orbit passing close
to the Earth’s orbit suddenly appears.
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