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[1] In situ electric field (E) measurements and inferred
lightning initiation locations of three cloud-to-ground
flashes are used to identify a thunderstorm region in
which the preflash E exceeded the threshold for runaway
breakdown. The maximum measured E in the region was
186 kV m�1 at 5.77 km altitude, which for runaway
electrons is equivalent to 370 kV m�1 at sea level; this
E value is �130% of the estimated threshold for an
avalanche of runaway electrons. In addition, the volume
where E exceeded the runaway threshold was estimated to
be 1–4 km3, with a vertical depth of about 1000 m. At
least within part of this volume the characteristic scale
height for exponential growth of runaway electrons was
100 m or less. Thus for these three flashes the electric field
conditions necessary for runaway breakdown existed, and
runaway breakdown could have initiated the flashes.
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1. Introduction

[2] Wilson [1925] suggested that an energetic electron in
a strong thunderstorm electric field would gain more energy
from the field than it loses in collisions; such electrons are
now called ‘‘runaway’’ electrons. Gurevich et al. [1992]
suggested that an avalanche of runaway electrons, called
runaway breakdown (RB), might initiate a lightning flash.
The mean energy of runaway electrons is 7 MeV [Babich et
al., 2004].
[3] To look for evidence of runaway breakdown inside

thunderstorms, Marshall et al. [1995a] compared vertical
profiles of electric field, E, to the breakeven threshold field.
In the breakeven field, Ebe, an energetic electron gains as
much energy from E as it loses in collisions. Marshall et al.
estimated Ebe as follows:

Ebe ¼ Eth exp �z=8:4ð Þ ð1Þ

where Ebe is measured in kV m�1, z is the altitude in km
above sea level, and Eth is the threshold breakeven value at
sea level (or 1 atm pressure). Marshall et al. [1995a] used
202 kV m�1 for Eth. Comparing 24 in situ E profiles, they
found that E was close to Ebe for a portion of most

soundings, but it rarely exceeded Ebe. When the measured E
exceeded Ebe, lightning occurred within a few seconds and
reduced the local E to less than Ebe. From this they
hypothesized that runaway breakdown might be initiating
some lightning flashes. In two soundings, the balloon
instruments were struck by lightning and destroyed a few
seconds after the local E exceeded Ebe. Just before these
two flashes the measured E values were 430 kV m�1 and
340 kV m�1 (both scaled to 1 atm), and the E: Ebe ratios
were �210% and �170%.
[4] The Eth calculated by Gurevich and Zybin [2001] was

216 kV m�1, rather than 202 kV m�1 used by Marshall et
al. [1995a], but this difference would not significantly
change the results summarized above. Hereinafter we use
216 kV m�1 for Eth. The threshold for RB (i.e., for an
avalanche of runaway electrons to occur) has been deter-
mined to be about 281 kV m�1 (i.e., 1.3 times Eth)
[Symbalisty et al., 1998] and about 284 kV m�1 [Dwyer,
2003]. We will use 281 kV m�1 as the RB threshold (RBth)
at 1 atm. One goal of this paper is to compare in situ E
measurements with RBth. As discussed below, RB requires
a region in which E exceeds RBth over a substantial vertical
depth. Another goal of this paper is to estimate the vertical
depth and volume in which E exceeds RBth.
[5] Our comparisons to experimental data use one thun-

derstorm E profile in which the balloon instruments passed
close to several flash initiation locations, as determined
from a Lightning Mapping Array (LMA) [Rison et al.,
1999; Maggio et al., 2005].

2. Instrumentation

[6] The data for this study were collected as part of the
‘‘Study of Electrical Evolution in Thunderstorms’’ or SEET
experiment, conducted in 1999 at Langmuir Laboratory in
central New Mexico to study mountain thunderstorms
[Coleman et al., 2003]. Series of balloons carrying electric
field meters [Marshall et al., 1995b], and Global Position-
ing System (GPS) radiosondes [Coleman et al., 2003] were
flown into thunderstorms occurring over the laboratory.
Three-dimensional maps of individual lightning flashes
were obtained with an LMA [Rison et al., 1999; Coleman
et al., 2003].
[7] The balloon E meters measure magnitudes up to

220 kV m�1 with estimated error <10% [Marshall et al.,
1995b]. The horizontal balloon positions were determined
from the GPS data, with errors <10 m. The vertical balloon
positions were calculated from pressure, temperature, and
humidity data from the radiosonde using the hypsometric
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equation, with errors <20 m (in the altitude range discussed
in this paper).
[8] The LMA detected impulsive radiation at 63 MHz

(bandwidth of 6 MHz) and located the strongest source (if
any) above a threshold in successive 100 ms windows using
a time-of-arrival technique [Rison et al., 1999]. The light-
ning flashes discussed herein occurred near the center of the
10 LMA receiving stations, and the radiation sources of
interest were located between 5 and 10 km altitude. For this
situation, Thomas et al. [2004] showed that the rms errors in
the location of individual radiation sources are 6–12 m in
the horizontal and 20–30 m in the vertical.
[9] The balloon E meter measures E in a vertical plane at

about 5 Hz and slowly rotates in azimuth, sweeping through
180� in about 2–4 s, thereby determining the magnitude of
the total E vector at about 0.2–0.5 Hz [Marshall et al.,
1995b]. The E data in this paper show the maximum E
measured in every 1 s interval of the sounding. The sign of
the plotted E is the sign of the vertical component of E. For
the E data of interest herein, the E vector was primarily
vertical.
[10] By comparing LMA data with the occurrence of

lightning field change measurements, Maggio et al. [2005]
showed that the initial LMA radiation source from a
lightning flash occurs at or near the flash initiation location:
within 30 m in the best cases and within 400 m in the worst
cases. This finding allows us to use the LMA to determine
the initiation location of each flash. Furthermore, we assume
that E at this location was large (large enough for flash
initiation).

3. Theoretical Considerations

[11] As mentioned above, runaway breakdown should
require a significant vertical depth in which E > RBth.
Since the large-scale structure inside thunderstorms is
dominated by approximately horizontal layers of charge
[e.g., Stolzenburg et al., 1998], the E inside most of a
thunderstorm has a vector orientation that is approximately
vertical. To estimate the vertical depth of the volume
necessary for RB, Gurevich et al. [1992] defined the
characteristic length, l, for an avalanche to develop as:

Nre ¼ N0 exp Dz=lð Þ ð2Þ

where Nre is the number of runaway electrons produced by
N0 ‘seed’ electrons, and Dz is the vertical distance from the
start of the runaway avalanche. Unless there are many seed
electrons, the volume of large E necessary for RB needs to
have a Dz of 10l or more for an avalanche to develop.
[12] Dwyer [2003] developed an empirical formula for l

from a Monte Carlo simulation of RB:

l ¼ 7200� E� 275ð Þ�1 ð3Þ

with l in meters and E in kV m�1. Equation (3) is valid for
E between 300 and 2500 kV m�1, where E is scaled to sea
level using the exponential factor of equation (1). The
largest E observed by Marshall et al. [1995a] was 430 kV
m�1, which corresponds to a l of 45 m, while the minimum
E for which equation (3) is valid (300 kV m�1) has a l of
about 290 m.

[13] Since the electrons that initiate RB have small mean
free paths (of order meters), the horizontal extent, Dx, of the
volume in which E > RBth can be as small as a few hundred
meters. However, Dwyer’s [2003] model results indicate
that RB will be enhanced if Dx is 400 m or more. We can
only estimate a one-dimensional horizontal extent Dx from
our data, so we will assume the volume is cylindrical with a
radius or diameter of Dx. For RB leading to lightning
initiation, having a volume with a substantial Dz is probably
more important than having a substantial Dx.
[14] The energy of the cosmic ray that initiates runaway

breakdown is also important because it produces the seed
electrons (N0 in equation (2)). More energetic cosmic rays
produce more seed electrons. The flux of cosmic rays with
energies sufficient to provide at least one energetic seed
electron is of order 103 m�2 s�1 [Gurevich and Zybin,
2001]. However, lightning radio emission data suggest that
cosmic rays with energy of 1016 eV may be needed for
lightning initiation [Gurevich et al., 2003]. Such high
energy cosmic rays produce extensive showers of energetic
electrons, but the flux of these cosmic rays is only 1 per km2

every 50 s [Gurevich et al., 2003].

4. Data and Analyses

[15] With respect to Ebe, the majority of the SEET
soundings were similar to those by Marshall et al.
[1995a]. We will focus on one sounding on July 31,
1999, that passed through a region where lightning was
initiating.
[16] Figure 1 shows 6 min of lightning data from the

July 31 storm and the trajectory of the sounding balloon
relative to the lightning. Ten intracloud (IC) flashes and four
cloud-to-ground (CG) flashes occurred during the 6 min.
The color-coded LMA observations indicate the inferred
polarity of the storm charge regions involved in the light-
ning flashes [Thomas et al., 2002]. The yellow/red colors
indicate where negative polarity breakdown propagated
through positive storm charge and the blue colors indicate
where positive breakdown traveled through negative charge
[Coleman et al., 2003].
[17] The lightning data indicate that the storm had hori-

zontally extensive upper positive and mid-level negative
charges and localized lower positive charge in the southern
part of the storm. The CG flashes (A–D) occurred in the
southern part of the storm and were initiated either imme-
diately above or within the inferred lower positive charge
region. The IC flashes were bilevel discharges between the
negative and upper positive charge regions. Eight of the ten
IC flashes occurred in the northern part of the storm and
made no significant change in E at the balloon. The other
two (Flashes 3 and 5) occurred in the part of the storm
traversed by the balloon and produced significant changes
in E. However, their initiation altitudes were above the
altitude of the balloon measurements, so they are not
included in these analyses.
[18] Figure 2 shows an expanded view of the lightning

data, the initiation locations of CG flashes A–D, and the
balloon E profile. There is excellent agreement between the
lightning-inferred charge regions and the charge regions
inferred from the balloon data using a one-dimensional
approximation to Gauss’s Law. The sounding balloon was
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launched into the southern edge of the storm and rose to
7.26 km altitude, where it burst. The remnant balloon and
instruments then descended by parachute along a northward
path through the negative charge and then through the lower
positive charge. Flash A occurred when the balloon was at
6.7 km altitude in a region of relatively small E. The flash
initiated about 2 km below and west of the balloon and
produced a change in E at the balloon of only �22 kV m�1

(from +55 to +33 kV m�1). We focus on Flashes B–D, each
of which initiated within 1.1 km of the balloon as it
descended through a volume of very strong E.
[19] As the balloon descended through 6.35 km altitude,

E rapidly increased, exceeded Eth, and approached RBth

before Flash B at 2229:22 UT (balloon altitude of 6.33 km)
reduced E from 123 to 2 kV m�1 (a 98% reduction). The
initiation point for Flash B, as determined from the first
LMA source [Maggio et al., 2005], was 600 m below the
balloon (at 5.73 km) and only 200 m horizontally north of
the balloon. The initial source of Flash B was located 40 m

Figure 1. Lightning-inferred storm charge structure for a 6 min time interval of LMA data collected during the descent of
the sounding balloon. Yellow/red regions indicate positive charge; the blue region indicates negative charge. The letters
show the initiation points of the CG and IC flashes that occurred in the part of the storm observed by the balloon. The
occurrence times of the flashes are shown in the upper panels, and the red part of the balloon trajectory corresponds to the
time interval of the lightning data.

Figure 2. Expanded view of the balloon’s descent
trajectory (left, from Figure 1) and the measured E profile
(right, solid line) of the sounding, initiation points of the CG
flashes (letters), balloon location at the time of the flashes
(black dots, descending with time) and times of the flashes
during the sounding (arrows). The dashed curves are Eth

(left) and RBth (right).
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below the altitude where the largest E in the sounding was
observed when the balloon reached that altitude two minutes
after Flash B. Further descent of the balloon (below 5.73 km)
revealed that E values in excess of RBth extended down to
5.28 km and that Eth was exceeded down to 5.16 km. Thus it
is likely that the vertical depth of the volume in which the
instantaneous E values equaled or exceeded RBth at the time
of Flash B was about 1000 m. The largest measured E in the
region was 186 kV m�1 or 370 kV m�1 scaled to 1 atm. The
corresponding l for the largest E was only 75 m, so it is
possible that there could have been numerous e-foldings of
the seed electrons (equation (2)) to make a substantial
runaway electron avalanche. Since the balloon location
was 200 m from the flash initiation location, we infer that
Dx was at least 200–400 m.
[20] As the balloon continued to descend after Flash B, E

increased until IC Flash 5 occurred (see Figure 1) as the
balloon passed through 6.0 km altitude. After that flash, E
continued to increase rapidly until Flash C at 2231:23 UT
reduced E from 172 kV m�1 to 29 kV m�1 (or by 83%) as
the balloon descended through 5.76 km altitude. Two
seconds before Flash C, the balloon measured the largest
E of the flight (186 kV m�1), which was 131% of RBth (and
171% of Eth). The initiation point for Flash C, as determined
from the first LMA source of the flash, was only 40 m
below the balloon (at 5.72 km) and 1080 m horizontally
NNW of the balloon. As for Flash B, it is likely that the
vertical depth of the volume in which E equaled or
exceeded RBth was about 1000 m. Concerning the horizon-
tal extent where E � RBth, we assume that E at the initiation
location was also large, with a magnitude similar to or
greater than the 186 kV m�1 measured at the balloon. Thus,
the horizontal extent, Dx, appears to have been at least
1080 m, and the volume of cloud in which E � RBth before
Flash C was approximately 1–4 km3. Such a large volume
with a short l (only 75 m for the largest measured E) makes
a substantial runaway electron avalanche likely. Thus, it
seems probable that Flash C was initiated by runaway
breakdown.
[21] Since E at the balloon reached 131% of RBth, it is

somewhat surprising that Flash C did not initiate closer to
the balloon. Perhaps the conditions for RB were simply
better where Flash C initiated (bigger E, bigger Dz).
Another possibility is that a substantially more energetic,
and hence less common, cosmic ray was required for
initiation of the flash, as suggested by Gurevich et al.
[2003]. A third possibility is a combination of the previous
two possibilities.
[22] As the balloon descended after Flash C, the measured

E again increased rapidly. It took only 42 s for E to exceed
Eth (at 5.62 km), and 63 s for E to reach a local maximum of
179 kV m�1 at an altitude of 5.50 km (E = 345 kV m�1

scaled to 1 atm, or 120% of RBth). After E exceeded RBth,
no lightning flash occurred near the balloon for almost 40 s.
At 2233:04 (101 s after Flash C), Flash D reduced E from
128 to 27 kV m�1 (or by 79%) as the balloon descended
through 5.16 km altitude. The Flash D initiation location
was 100 m below the balloon (at 5.06 km) and 1000 m
horizontally NW of it. At the time of the flash, E scales to
235 kV m�1 at 1 atm, less than RBth but more than Eth.
Nonetheless, the probability that RB initiated Flash D is
again fairly high.

[23] If RB was responsible for initiating Flash D, the
relatively long delay (�40 s) with E > RBth might have
been due to an insufficient depth or volume of cloud with
E > RBth. Another possibility for the delay is that a more
energetic cosmic ray might have been needed for the
runaway breakdown, so the delay was caused by the lack
of the appropriate cosmic ray [Gurevich et al., 2003]. A
third possibility is again a combination of the previous two.

5. Conclusions

[24] Overall, the inferences from the balloon E data
coupled with the Lightning Mapping Array data are as
follows. The balloon descended through a region of the
cloud where lightning was initiating, as shown by the
locations of the first LMA sources of Flashes A–D. In this
region there appears to have been either substantial charge
generation between Flashes B and D, or residual charge
after Flashes B and C, or both, since the measured
E increased rapidly between the flashes as the balloon
descended. The measured E values along with the inferred
flash initiation locations suggest that just before Flashes B,
C, and D, there probably was a large volume (estimated to
be 1–4 km3) in which E exceeded the runaway breakdown
threshold. This volume apparently had a vertical depth of
about 1000 m. The maximum measured E magnitudes and
the assumed large E magnitudes near the flash initiation
locations suggest that within much of this volume the
characteristic scale, l for a runaway breakdown to develop
was less than 100 m. Thus, just before Flashes B–D, the
electric field conditions necessary for runaway breakdown
apparently existed, so runaway breakdown avalanches
could have initiated these lightning flashes.

[25] Acknowledgments. This work was supported in part by NSF
Grant Nos. ATM-0220842 and ATM-9912073. We are grateful to
A. Gurevich and A. Lidvansky for helpful discussions of runaway break-
down theory and experiments and to the reviewers for their constructive
comments.

References
Babich, L. P., E. N. Donskoy, R. I. Il’faev, I. M. Kutsyk, and R. A. Roussel-
Dupre (2004), Fundamental parameters of a relativistic runaway electron
avalanche in air, Plasma Phys. Rep., 30, 616–624.

Coleman, L. M., T. C. Marshall, M. Stolzenburg, T. Hamlin, P. R. Krehbiel,
W. Rison, and R. J. Thomas (2003), Effects of charge and electrostatic
potential on lightning propagation, J. Geophys. Res., 108(D9), 4298,
doi:10.1029/2002JD002718.

Dwyer, J. R. (2003), A fundamental limit on electric fields in air, Geophys.
Res. Lett., 30(20), 2055, doi:10.1029/2003GL017781.

Gurevich, A. V., and K. P. Zybin (2001), Runaway breakdown and electric
discharges in thunderstorms, Phys. Uspekhi, 44, 1119–1140.

Gurevich, A. V., G. M. Milikh, and R. Roussel-Dupre (1992), Runaway
electron mechanism of air breakdown and preconditioning during a thun-
derstorm, Phys. Lett. A, 165, 463–468.

Gurevich, A. V., L. M. Duncan, A. N. Karashtin, and K. P. Zybin (2003),
Radio emission of lightning initiation, Phys. Lett. A, 312, 228–237.

Maggio, C. R., L. M. Coleman, T. C. Marshall, M. Stolzenburg, M. Stanley,
T. Hamlin, P. R. Krehbiel, W. Rison, and R. J. Thomas (2005), Lightning
initiation locations as a remote sensing tool of large thunderstorm electric
fields, J. Oceanic Atmos. Technol., in press.

Marshall, T. C., W. Rison, W. D. Rust, M. Stolzenburg, J. C. Willett, and
W. P. Winn (1995a), Rocket and balloon observations of electric field in
two thunderstorms, J. Geophys. Res., 100, 20,815–20,828.

Marshall, T. C., M. P. McCarthy, and W. D. Rust (1995b), Electric field
magnitudes and lightning initiation in thunderstorms, J. Geophys. Res.,
100, 7097–7103.

Rison, W., R. J. Thomas, P. R. Krehbiel, T. Hamlin, and J. Harlin (1999), A
GPS-based three-dimensional lightning mapping system: Initial observa-
tions in central New Mexico, Geophys. Res. Lett., 26, 3573–3576.

L03813 MARSHALL ET AL.: ELECTRIC FIELDS AND LIGHTNING INITIATION L03813

4 of 5



Stolzenburg, M., W. D. Rust, and T. C. Marshall (1998), Electrical structure
in thunderstorm convective regions: 3. Synthesis, J. Geophys. Res., 103,
14,097–14,108.

Symbalisty, E. M. D., R. Roussel-Dupre, and V. Yukhimuk (1998), Finite
volume solutions of the relativistic Boltzmann equation for electron
avalanche studies, IEEE Trans. Plasma Sci., 26, 1575–1582.

Thomas, R. J., S. Behnke, T. Hamlin, P. Krehbiel, and W. Rison (2002),
New Mexico thunderstorms observed by the Lightning Mapping Array,
an overview of one season, Eos Trans. AGU, 83(47), Fall Meet. Suppl.,
Abstract A71B-97.

Thomas, R. J., P. R. Krehbiel, W. Rison, S. J. Hunyady, W. P. Winn,
T. Hamlin, and J. Harlin (2004), Accuracy of the Lightning Mapping
Array, J. Geophys. Res., 109, D14207, doi:10.1029/2004JD004549.

Wilson, C. T. R. (1925), The acceleration of b-particles in strong electric
fields such as those in thunderclouds, Proc. Cambridge Philos. Soc., 22,
534–538.

�����������������������
L. M. Coleman, C. R. Maggio, T. C. Marshall, and M. Stolzenburg,

Department of Physics and Astronomy, University of Mississippi,
University, MS 38677, USA. (marshall@olemiss.edu)
T. Hamlin, P. R. Krehbiel, W. Rison, and R. J. Thomas, Langmuir

Laboratory for Atmospheric Research, New Mexico Institute of Mining and
Technology, 801 Leroy Place, Socorro, NM 87801, USA.

L03813 MARSHALL ET AL.: ELECTRIC FIELDS AND LIGHTNING INITIATION L03813

5 of 5


