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[1] Recently, wide band measurements of the electric field near a lightning flash have
been obtained by a balloon-borne electric field sonde or Esonde. This paper develops
new techniques for analyzing lightning-associated charge transport in a thundercloud by
using both the Esonde data and simultaneous Lightning Mapping Array (LMA)
measurements of VHF pulses emitted during lightning breakdown processes. Innovations
in this paper include the following: (1) A filtering procedure is developed to separate
the background field associated with instrument rotation and cloud charging processes
from the lightning-induced electric field change. Because of the abrupt change in the
signal caused by lightning, standard filtering techniques do not apply. A new mathematical
procedure is developed to estimate the background electric field that would have existed if
the lightning had not occurred. The estimated background field is subtracted from the
measured field to obtain the lightning-induced field change. (2) Techniques are developed
to estimate the charge transport due to lightning. At any instant of time during a cloud-to-
ground (CG) flash, we estimate the charge transport by a monopole. During an
intracloud (IC) flash, we estimate the charge transport by a dipole. Since the location of
the monopole and dipole changes with time, they are referred to as a dynamic monopole
and a dynamic dipole. The following physical constraints are used to achieve a unique
fit: charge conservation during an IC flash, separation (distance between the CG monopole
charge center and the ground and separation between IC dipole charge centers both
exceed a minimum threshold), location (charge is placed on lightning channel), and
likelihood (after a statistical analysis based on instrument uncertainty, highly unlikely
charge locations are excluded). To implement the constraint that the charge is located on
the lightning channel, we develop a mathematical object called the ‘‘pulse graph.’’
Vertices in the graph are pulse locations obtained from the Lightning Mapping Array.
Edges in the graph (that is, the pairs of vertices which are connected by line segments) are
obtained by joining, in a systematic way, neighboring vertices. One CG and two IC flashes
observed on 18 August 2004 near Langmuir Laboratory are analyzed. In the CG flash,
initial strokes drained 12 C charge from an altitude of 5 km, while an intermediate stroke
discharged 12 C from a higher charge center at 8 km. For the IC flashes, the current
flow lagged behind the channel formation by time intervals on the order of 0.1 s, roughly
the same time delay observed for lightning optical signals detected by NASA’s Lightning
Imaging Sensor.
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1. Introduction

[2] Sonnenfeld et al. [2006] describe newly developed
balloon-borne instrumentation, an Esonde, which can be
used to measure thundercloud electric fields within a
frequency band from 1 Hz to 5000 Hz. The goal in this
earlier work was to use electric field changes in conjunction
with data from the Lightning Mapping Array (LMA) to gain
insight into the transport of charge by a lightning stroke. A
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detailed description of the instrument was provided as well
as some preliminary modeling in which a flash was pre-
sumed to transport a charge dQ along the channel.
[3] In this paper more advanced data fitting techniques

are developed. These allow us to compute the charge
transport along a channel with much more detail than has
been previously reported. The following new innovations
are provided:
[4] 1. A new technique is developed to accurately filter

the background field changes associated with instrument
rotation and cloud charging processes from the field change
associated with the lightning itself.
[5] 2. We introduce ‘‘constrained dynamic monopoles

and dipoles’’ for modeling the charge transport associated
with the lightning-induced electric field change. The con-
straints are used to reduce the infinity of possible inversions
of field to charge to a single solution.
[6] In this paper we introduce our constraints, we argue

for their physical plausibility, and we demonstrate the
quality of fit and the level of detail that they bring out of
the electric field data. These new techniques are illustrated
using three flashes observed near Langmuir Laboratory in
central New Mexico on 18 August 2004.
[7] For many years, ground-based measurements of the

change in the electric field under a thundercloud have been
used to estimate the location and amplitude of thundercloud
charge distributions [Jacobson and Krider, 1976; Koshak et
al., 1999; Koshak and Krider, 1989, 1994; Krehbiel et al.,
1979; Krehbiel, 1981, 1986; Murphy et al., 1996; Wilson,
1916, 1920; Workman and Holzer, 1939]. Recently, con-
straints have been incorporated in the estimation process. In
particular, conservation of charge is mentioned by Koshak
and Krider [1994] and Koshak et al. [1999].
[8] Five constraints on the monopole and dipole charge

centers enter into our analysis: (1) In constraint C1, the
charges are centered on the lightning channel. (2) In
constraint C2, for a cloud-to-ground (CG) flash, the distance
that charge is transported exceeds some minimal threshold
Dcg. (3) In constraint C3, for a dipole, charge is conserved.
(4) In constraint C4, for a dipole, the charge centers are
separated by a minimal distance denoted Dic. (5) In con-
straint C5, the charge centers are constrained to regions of
high likelihood based on the measured fields and estimated
uncertainties in the instrumentation.
[9] These constraints are described in detail throughout

the paper. In C1, we constrain the charge locations to the
lightning channel since it is the highway along which the
charge is transported. For a CG flash, the lightning channel
goes to the ground. In C2 we require that charge transported
from the cloud to ground by a CG came from the cloud, not
a region close to the ground. This constraint, although it
may seem obvious, is needed because of the following
phenomenon: The electric field at any point in space can be
fit using close, large amplitude dipole charge centers. When
we fit the lightning-induced electric field change by a
monopole, we must take into account the image charge on
the opposite side of the ground plane. Since the lightning
channel for a CG reaches the ground, it may be possible to
achieve a good fit to the data by placing a large amplitude
monopole charge on the channel near the ground: The
monopole in conjunction with the image essentially forms
a dipole, which yields a good, but nonphysical match to the

data. Hence, when we use a monopole to fit the lightning-
induced electric field change, we require that charge center
is in the cloud, not near the ground.
[10] For an intercloud or intracloud cloud (IC) flash, we

require conservation of charge in C3. Also for an IC, C4
requires that the dipole charge centers satisfy a separation
condition. This again prevents nonphysical fits to the data
associated with close charge centers and large amplitude
charge.
[11] Constraints C1–C4 are a priori constraints. We

impose these constraints and search for the monopole or
dipole charge configuration which best fits the electric field
data. Since our measurement of the electric field contains
uncertainty, the best monopole or dipole fitting the field is
also uncertain. For the Esonde, one of the largest sources of
error are the instrument gains, which are known to lie in
certain intervals of uncertainty. For randomly chosen gains
in the specified intervals of uncertainty, we compute the best
estimate for the location of the monopole or dipole, subject
to constraints C1–C4. An analysis of the distribution of
charge center locations associated with the possible instru-
ment gains reveals that certain locations for the charge are
highly likely, while other locations are unlikely since there
are a very small set of gains which are consistent with these
locations. In C5 we impose additional constraints to prevent
the placement of charge at these unlikely locations. C5
constraints are a posteriori constraints since they are im-
posed after a statistical analysis of the charge locations
based on C1–C4 and the instrument uncertainty. A detailed
explanation for C5 is given in section 5.
[12] To implement the constraint C1, we utilize the

location of the VHF pulses generated during lightning to
construct a mathematical entity which we call the pulse
graph of a flash (see section 3). The use of time of arrival
measurement for VHF pulses generated during lightning
was pioneered by Proctor [1971, 1981]. The Lightning
Detection and Ranging (LDAR) system deployed around
the Kennedy Space Center was developed by Lennon
[1975] based on Proctor’s work. An improved LDAR
system was developed by Lennon and coworkers in the
early 1990s [Maier et al., 1995]. In this paper we use VHF
pulse location data obtained from New Mexico Tech’s
Lightning Mapping Array (LMA) [Coleman et al., 2003;
Rison et al., 1999; Thomas et al., 2001, 2004] which is
deployed in the vicinity of Langmuir Laboratory, and which
was operational during a balloon flight on 18 August 2004.
[13] LMA uses the time of arrival of VHF pulses emitted

during lightning to estimate the pulse locations. The arrival
times are recorded at a network of ground-based measure-
ment stations placed around an area approximately 60 km in
diameter. The delays in the arrival times at the measurement
stations are used to estimate the pulse locations.
[14] VHF emission are sensitive to the sign of the

associated charge since negative polarity breakdown
through positive charge produces inherently stronger VHF
emission than positive breakdown in negative charge
regions [Shao and Krehbiel, 1996]. In particular, Shao
and Krehbiel observed little or no radiation from the initial
upward moving positive breakdown in triggered lightning.
The fact that different portions of the channel are better
delineated than other parts because of stronger VHF emis-
sions is not a problem for our analysis since our charge fits
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