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photos from: Langmuir Lab, central New Mexico, 1999 (Marshall, Stolzenburg et al.)

Balloon measurements



all measured electric fields are too low  
to start classical breakdown
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Fig. 4 Radar reflectivity for a thunderstorm anvil cloud. Pink curve is the track of the Flight3 balloon (from
Fig. 3b), triangle is launch location. (a) Range vs. altitude scan of the cloud about 30 min after the last
lightning flash. Red oval indicates the approximate depth of the positive charge in the main anvil. (b) Plan
view of the anvil cloud about 50 min after the last lightning (scan altitude is near 8.1 km msl at balloon’s
range from radar). Red curve indicates the estimated area of positive charge; black curve encloses the area of
large E values. (Adapted from Stolzenburg et al. 2004)

estimated to have 450 C of charge (Stolzenburg et al. 2004). About 50 min after the last flash,
the positive charge region still covered approximately 90 km2 (Fig. 4b) and was estimated
to contain 50 C of charge. The data from this case further provide limited information about
the long-term hazards anvils present to aircraft: 32 min after and more than 20 km away
from the final lightning flash in the parent storm, E at 10 km altitude (a common jet aircraft
cruising altitude) was 35 kV m−1. About 50 min after the last lightning, the spatial extent of
potentially hazardous E values of at least 50 kV m−1 associated with this anvil was estimated
by Stolzenburg et al. (2004) to be 220 km2. Thus, the interior positive charge and large E
values extended well beyond the lifetime and area of the parent convection.

Recent results by Dye and Willett (2007) based on aircraft measurements in Florida
storms also indicate that substantial changes can occur in long-lived anvils. Horizontal air-
craft tracks at 9.3 km altitude made 85 min after the last lightning flash in the parent con-
vection showed E of −15 to −40 kV m−1. Although no information was available about
the vertical charge structure, the measured negative vertical E was consistent with positive
charge above the aircraft in the interior of the anvil and/or negative charge below the aircraft.
Another anvil had E of 20–35 kV m−1 at 9.9 km altitude over a horizontal distance of 70 km.
For this case, the measured E suggested interior negative charge in some interior parts of
the anvil. Dye and Willett (2007) also describe enhancement in the radar reflectivity and E,
indicative of possible weak internal convection and charging in the anvil. It is interesting to
note that several anvils studied by Dye and Willett (2007) and by Dye et al. (2007) in Florida
had precipitation falling through the melting level (4 km altitude), though not reaching the
ground, and the larger E values were often correlated in time with the presence of signif-
icant melting of particles lower in the anvils. These features indicate that, in terms of the
electrical structure, the distinction between long-lived cirriform “ice particle outflow” anvil
clouds and the stratiform precipitation regions that trail MCSs (discussed next) may not be
clear in every case.

figure: Stolzenburg & Marshall. Space Sc.Rev. 137.1-4 (2008): 355-372.
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Droplets and ice particles

increases the electric field (potentially above 
breakdown), but only very locally

region above 
breakdown

here 
free electrons  

will exponentially 
grow!



Free electrons by cosmic rays
Cosmic rays (mainly protons): 
Lower energy rays from the Sun, frequent, above ~3 km 
Higher energies from (extra-)galactic origin, rare events 
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trons and positrons in the extensive air shower [5]. We
note that this proportionality of the radio emission to the
number of electrons and positrons does no longer hold in
the presence of strong atmospheric electric fields which is
the main subject of this work. The frequency content of
the pulse is solely dependent on the geometry of the elec-
tric currents in the shower [15]. As shown in the present
work, the presence of strong atmospheric electric fields
not only a↵ects the magnitudes of the induced currents
but, equally important, their spatial extent and thus the
frequencies at which coherent radio waves are emitted.

There are several models proposed to describe ra-
dio emission from air showers: the macroscopic models
MGMR [11], EVA [16] calculating the emission of the
bulk of electrons and positrons described as currents; the
microscopic models ZHAires [17], CoREAS [18] based on
full Monte-Carlo simulation codes; and SELFAS2 [19],
a mix of macroscopic and microscopic approaches. All
approaches agree in describing the radio emission [20].

FIG. 1: A schematic structure of a thundercloud is
given where charge is accumulated at the bottom and
the top layer. An air shower (in red) is passing through
the thundercloud. The LOFAR core is seen as a circular
structure on the ground where a few LOFAR antenna
stations can be distinguished. The structure of the

induced electric field is given schematically on the right
hand side.

First measurements of the radio footprint of extensive
air showers, made during periods where there were thun-
derstorms in the area, so-called thunderstorm conditions,
have been reported by the LOPES [21, 22] collabora-
tion. It was seen that the amplitude of the radiation was
strongly a↵ected by the atmospheric electric fields [23].
More recently detailed measurements of the radio foot-
print, including its polarization were reported by the LO-
FAR [24] collaboration. The latter observations make use
of the dense array of radio antennas near the core of the
LOFAR radio telescope [25], a modern radio observatory
designed for both astronomical and cosmic ray observa-
tions (see Fig. 1). At LOFAR two types of radio antennas
are deployed where most cosmic ray observations have

been made using the low-band antennas (LBA) operat-
ing in the 30 MHz to 80 MHz frequency window which
is why we concentrate on this frequency interval in this
work. In the observations with LOFAR, made during
thunderstorm conditions, strong distortions of the polar-
ization direction as well as the intensity and the structure
of the radio footprint were observed [24]. These events
are called ’thunderstorm events’ in this work. The dif-
ferences from fair-weather radio footprints of these thun-
derstorm events can be explained as the result of atmo-
spheric electric fields and, in turn, can be used to probe
the atmospheric electric fields [24].
The e↵ect of the atmospheric electric field on each of

the two driving mechanisms of radio emission, transverse
current and charge excess, depends on its orientation
with respect to the shower axis. As we will show, the
component parallel to the shower axis, Ek, increases the
number of either electrons or positrons, depending on its
polarity, and decreases the other. However, there is no
evidence that this expected change in the charge excess
is reflected in a change in the radio emission as can be
measured with the LOFAR LBAs. The component per-
pendicular to the shower axis, E?, does not a↵ect the
number of particles but changes the net transverse force
acting on the particles. As a result the magnitude and the
direction of the transverse current changes and thus the
intensity and the polarization of the emitted radiation.
However, simulations show that when increasing the at-
mospheric electric field strength up to E? = 50 kV/m,
the intensity increases, as expected naively, after which
the intensity starts to saturate.
In this work, we show that the influence of atmospheric

electric fields can be understood from the dynamics of the
electrons and positrons in the shower front as determined
from Monte Carlo simulations using CORSIKA [26]. The
electron dynamics is interpreted in a simplified model to
sharpen the physical understanding of these findings.

II. RADIO-EMISSION SIMULATIONS

The central aim of this work is to develop a qualita-
tive understanding of the dependence of the emitted ra-
dio intensity on the strength of the atmospheric electric
field. For the simulation we use the code CoREAS [18]
which performs a microscopic calculation of the radio sig-
nal based on a Monte Carlo simulation of the air shower
generated by CORSIKA [26]. The input parameters can
be found in the Appendix. The particles in the shower
are stored at an atmospheric depth of 500 g/cm2, cor-
responding to a height of 5.7 km, near X

max

, the atmo-
spheric depth where the number of shower particles is
largest, for later investigation of the shower properties.
The radio signal is calculated at sea level as is appropri-
ate for LOFAR. The pulses are filtered by a 30 MHz to
80 MHz block band-pass filter corresponding to the LO-
FAR LBA frequency range. The total power is the sum
of the amplitude squared over all time bins. The radia-
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the intensity increases, as expected naively, after which
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In this work, we show that the influence of atmospheric
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Footprint of shower changes due to 
the thunderstorm.

New way of probing electric fields!
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E. field + Ice particle + Free electrons
From the initial conditions to discharge inception  

is a non-linear time-dependent problem 
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Shown case: 0.7 x 6 cm length, Field 15% breakdown,  
altitude 5.5 km, background electron density 102 cm-3 

cylindrical symmetric approximation
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Inception from large ice particle 
(6 cm length) is possible;  

right conditions occur at least 5 
times per km2 per minute.

Prediction of Lightning Inception by Large Ice Particles and Extensive Air Showers
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We derive that lightning can start if the electric field is 15% of the breakdown field, and if elongated ice
particles of 6 cm length and 100 free electrons per cm3 are present. This is one particular example set from a
parameter range that we discuss as well. Our simulations include the permittivity ϵðωÞ of ice. 100 free
electrons per cm3 exist at 5.5 km altitude in air showers created by cosmic particles of at least 5 × 1015 eV.
If the electric field zone is 3 m high and 0.2 km2 in the horizontal direction, at least one discharge per
minute can be triggered. The size distribution of the ice particles is crucial for our argument; more detailed
measurements would be desirable.

DOI: 10.1103/PhysRevLett.115.015002 PACS numbers: 52.80.Mg, 92.60.Pw

Introduction.—Lightning inception is the first out of the
“top ten questions in lightning research” according to a
recent review [1]. How can lightning start when the electric
fields in thunderclouds are well below the classical break-
down field Ek [2] that is required for electron multiplication
and ionization growth? And when the height of the high
electric field zone is typically smaller than a kilometer?
It was already suggested a few decades ago that a

discharge could start in a lower electric field due to the
relativistic runaway electron breakdown: cosmic particles
could create ionization avalanches of relativistic particles
when the electric field exceeds the threshold field ERREA ≈
Ek=10 for the formation of a relativistic runaway electron
avalanche (RREA). However, as the RREA length is of the
order of 300 m for a field of 2.8 kV=cm (at standard
temperature and pressure) [3], the electric field needs to
exceed ERREA over heights of several km.
Another suggestion is that hydrometeors, i.e., airborne

particles consisting of liquid or frozen water (droplets,
snowflakes, graupel, hail, etc.) could enhance the electric
field locally in their neighborhood due to their high
permittivity [4]. Experiments show how air discharges
start from ice particles [5,6]; however, the background
electric fields here are as large as 0.3 Ek, and the free
electrons needed to start the discharge are created through a
radioactive source. In Ref. [7] an ice particle is modeled as
an ionized patch of air. This model demonstrates the field
enhancement around a real hydrometeor and the emergence
of a discharge, but the electrons are trivially available from
the ionized patch while a lack of free electrons is an
essential issue in a thundercloud.
Free electrons in the high field region are needed to start

a discharge. They are generated up to a few km in altitude
by the decay of radioactive elements emitted from the
ground, and furthermore by solar energetic particles and by

cosmic rays. However, within the troposphere these free
electrons attach within tens of nanoseconds to oxygen
molecules and form roughly 103 positive and negative ions
per cm3. In dry air, the electrons can detach again and start a
discharge when the electric field exceeds Ek [8,9]. But in
humid air, the O−

2 ions attract water molecules within
microseconds [10]. The electron detachment time from
such ion-water clusters is of the order of micro- or even
milliseconds [11], and it is negligible on the nanosecond
time scale of the primary discharge evolution. Gurevich and
Karashtin [12] suggested that the free electrons near a
hydrometeor could be supplied by RREAs in air showers
created by cosmic particles with energies between 1011 and
1012 eV. However, they do not elaborate whether a dis-
charge would actually start—according to our analysis
below it wouldn’t—and their frequency of cosmic particles
is 2 or 3 orders of magnitude smaller than in the Particle
Data Group [13]. Furthermore, the frequency dependence
of the dielectric permittivity ϵðωÞ of ice has to be taken into
account when calculating the field enhancement near a
frozen hydrometeor—it is 90 for static electric fields, but
only 3 for fields changing on a nanosecond time scale.
Structure of the approach.—Whether lightning can be

started by an extensive air shower hitting a hydrometeor,
depends (i) on the distributions of hydrometeor sizes and
shapes, (ii) on the distribution of electric fields in the
thundercloud, and (iii) on the distribution and properties of
extensive air showers created by high energy particles
penetrating the atmosphere. Here we determine one set of
parameters in this high-dimensional space that is likely to
start lightning.
We start with analyzing the requirements on hydro-

meteor sizes and shapes, on background electron density
and on background electric field to start a discharge, and we
perform simulations showing that and how the discharge

PRL 115, 015002 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending
3 JULY 2015

0031-9007=15=115(1)=015002(5) 015002-1 © 2015 American Physical Society

but is it possible to start from smaller  
ice particles (or droplets) 

and how often does that occur?



Smaller ice particles?

requirements

size of 
ice particle

electric field 
of the cloud

?? maybe the balloons just  
went to the wrong places ??

free electrons
from air showers

requirements

size of 
ice particle

?? maybe there are rare  
events of cosmic showers ??
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Conclusions & outlook
• To start lighting: 

1. thundercloud E field 
2. ice particle 
3. free electrons 

• Smaller ice particles? Lower fields? -> More free electrons! 

• Maximal free electron density is lognormal distributed and very 
sensitive on system size. 

• [Outlook] predict streamer inception near insulators (e.g. ice), 
in thunderstorms and high-voltage technology. 

possible to start streamer, demonstrated  
for large ellipsoidal ice particles 

Dubinova, Rutjes, Ebert et al. (2015)


