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[1] A complete lightning flash scheme is implemented in the three-dimensional (3-D)
nonhydrostatic mesoscale model Méso-NH of the French community. The scheme, which
is part of the electrical scheme, follows a new approach with two steps. First, lightning
flashes are modeled as bidirectional leaders to mimic the vertical propagation of the initial
discharge channels along the electric field. Then, a probabilistic branching algorithm is
adapted from the dielectric breakdown concept to reinforce the flash propagation toward
distant regions of high charge density but immersed in a weak electric field. This results in
a high increase of the total length of the lightning flash channel and also in a better capture
of the morphology of intracloud lightning flashes. The electrification and lightning
schemes are tested for an ideal case of a supercellular storm. The model succeeds in
reproducing the general features of a storm and the electric charge cycle. Sensitivity
analyses show that the implementation of a branching stage is necessary and efficient
enough to relax the growth of the electric field. The intracloud discharges generated by
the model look realistic with a two-layer horizontal structure extending over tens of
kilometers from the triggering area. The lightning flash length and the quantity of charge
neutralized are ten times more important when the branching algorithm is taken into
account. The main conclusion drawn from this study is the feasibility and the benefit of an
advanced treatment of lightning flashes in 3-D numerical simulations with an
electrification scheme.

Citation: Barthe, C., and J.-P. Pinty (2007), Simulation of a supercellular storm using a three-dimensional mesoscale model with an

explicit lightning flash scheme, J. Geophys. Res., 112, D06210, doi:10.1029/2006JD007484.

1. Introduction

[2] Lightning flashes are natural markers of the electrical
activity accompanying deep convection and severe weather.
They are sources of electromagnetic radiations in a wide
range of frequency that make them relatively easy to detect
at different spatial and temporal scales. In the past decade,
various lightning detection systems have been used to
monitor lightning events and their climatology. Among
them, one can distinguish those operating from space like
OTD (Optical Transient Detector) [Christian et al., 1996],
LIS (Lightning Imaging Sensor) [Christian et al., 1999],
FORTE (Fast Onboard Recording of Transient Events)
[Jacobson et al., 1999]. Other lightning detection systems
operate from the ground: LASA (Los Alamos Sferic Array)
[Smith et al., 2002], NLDN (National Lightning Detection
Network) [Cummins et al., 1998] or the recent 3-D portable
VLF/LF detection network [Betz et al., 2004]. Moreover,
the propagation of lightning is now fully trackable at storm
scale. Three-dimensional detectors such as the ONERA
(Office National d’Etudes et de Recherches Aérospatiales)’s

Interferometric Mapper [Laroche et al., 1994; Defer et al.,
2001] and LMA (Lightning Mapping Array) [Rison et al.,
1999] reveal many details on the sequence of short duration
events and on the dendritic nature of lightning structures.
[3] In contrast to all these tools dedicated to observation,

lightning parameterizations are far less advanced in numer-
ical cloud models. Lightning parameterizations are indeed
required to simulate long-lasting electrified storms. For
instance, in the absence of a lightning scheme, the results
shown by Altaratz et al. [2005] are restricted to the
occurrence of the first lightning flash. This constitutes a
severe limitation to ongoing studies of electrified storms
with several tens and even hundreds of lightning flashes as
simulated by Mansell et al. [2005] or by C. Barthe and J.-P.
Pinty (Simulation of electrified storms with comparison of
the charge structure and lightning efficiency, submitted to
Journal of Geophysical Research, 2006).
[4] Lightning discharges are a key component of the

electric charges cycle in thunderstorms because a charge
redistribution occurs instantaneously in different part of the
cloud when a lightning flash is triggered. As stressed by
MacGorman et al. [2001], lightning limits the growth of the
electric field by charge neutralization at the location of
lightning channels but also unmasks and so enhances the
charges of opposite polarity. Consequently, an electrification
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scheme must carefully consider a lightning parameterization
at a high level of detail. In cloud resolving models,
electrification schemes compute the electric charges carried
by several microphysical categories of water drops and ice
particles. As the scale of lightning structures is close to the
spatial resolution of 3-D models (a few hundreds of meters
on the vertical and 1 km on the horizontal), it is worthwhile
to build a lightning scheme which explicitly considers a
stepped propagation from adjacent nodes and which is able
to modify locally and selectively the electric charge of
individual particles. The challenging issue of lightning
parameterization is to provide 3-D pictures of lightning
channels with branching structures as illustrated by Thomas
et al. [2001] from observations and as simulated by Mansell
et al. [2002] with his stochastic dielectric breakdown
model.
[5] In electrification schemes, the dynamics of the electric

charges is mostly driven by the microphysical scheme
[Ziegler et al., 1986; Helsdon and Farley, 1987; Norville
et al., 1991; Solomon and Baker, 1994; Barthe et al., 2005;
Altaratz et al., 2005]. The reason is that there are many
arguments to preserve a consistency between cloud electri-
fication schemes and cloud microphysical schemes. In the
noninductive mechanism, charges are separated by elastic
ice-ice collisions which are the complement of the ‘‘effi-
cient’’ side of ice-ice collisions that leads to the growth of
snow by aggregation and to the growth of graupel particles
by collection of several ice particle types. The electric
charges are then disseminated over the microphysical spec-
tra by all of the microphysical processes. The charges are
transported with the hydrometeors by advection, diffusion
and sedimentation. As a result, the distribution of electric
charges in a storm is tightly linked to the microphysical
history of the storm. This microphysics-dominated state
exists until a first lightning event is triggered. Lightning
disrupts the unique dependence of the charge distribution on
the microphysics.
[6] At the microscale, the physics of the electric charges

is symmetrical since an equal amount of charge of opposite
polarity is exchanged locally. However, this structure is
broken at the storm scale because of the differential sedi-
mentation rates of the charged hydrometeors. This results in
the setting up of an electric field which is the leading
ingredient of the lightning schemes. MacGorman et al.
[2001] reviewed the underlying ideas of different types of
lightning parameterizations and concluded that extensive
flash development should be accounted ‘‘. . . in regions
having a weak ambient electric field but a substantial charge
density.’’ This new concept, studied in detail by Mansell et
al. [2002], has been adopted and extended in the present
scheme where the lightning geometry is viewed as a fractal
object. Lightning channels with branching structures are
explicitly determined.
[7] This paper describes an explicit lightning flash

scheme which has been developed in the nonhydrostatic
mesoscale model Méso-NH [Lafore et al., 1998]. The
scheme is thereby able to simulate a production of Light-
ning Nitrogen Oxides (LNOx) [Barthe et al., 2007] for
atmospheric chemistry application. It also has potential
application to simulate real electrified storms over complex
terrain at high resolution with grid nesting. The electrifica-
tion scheme [Barthe et al., 2005] is briefly described in the

first part of the paper, with focus on the charge conservation
and on the inductive mechanism parameterization that has
been recently added. The second part is dedicated to the
description of the original lightning flash scheme. The
lightning flash scheme is illustrated on the 3-D supercellular
storm described by Barthe et al. [2005]. Sensitivity analyzes
related to the branching scheme are performed with the
supercell case and a conclusion is drawn on the properties of
the lightning flash scheme.

2. Electrification Scheme in Méso-NH

2.1. Overview of Méso-NH

[8] Méso-NH is a nonhydrostatic mesoscale model that
has been jointly developed by the CNRM (Centre National
de la Recherche Météorologique) and by the Laboratoire
d’Aérologie [Lafore et al., 1998]. This multidimensional
model (3-D, 2-D or 1-D versions can be easily configured)
integrates an anelastic system of equations and allows for
simulations of atmospheric flow ranging from the meso-
alpha scale down to the microscale. Prognostic variables of
the model are the three components of the wind, the dry
potential temperature, several mixing ratios of the water
cycle and a provision of passive scalars which is automat-
ically generated. It contains a full inline physical package:
turbulence, radiation scheme, surface processes, mixed
phase microphysics, deep and shallow convection scheme,
gaseous and multiphase chemistry, aerosols. Real orography
and land use are initialized from files. Simulations at
different scales can be done with the two-way interactive
grid nesting technique [Stein et al., 2000]. The code is fully
vectorized and parallelized; therefore 3-D electrified cloud
simulations on large domains and real case simulations can
be performed. More details about Méso-NH can be found
on the website (http://www.aero.obs-mip.fr/mesonh/).

2.2. Summary of the Electrification Scheme

[9] Most of the electric charges are carried by the hydro-
meteors revealing a strong dependence of the electrical state
of the storm on the microphysics. The microphysical
scheme of Méso-NH considers two categories of water
drops (droplets and rain drops), three classes of ice particles
(pristine ice, snow and graupel) and water vapor. The
particular treatment of the water vapor is detailed in the
next section. At least three ice types are necessary to cover
most of the precipitating cases: pristine ice, snow/aggre-
gates and graupel. Several categories could be distinguished
for graupel depending on the degree of riming and on the
growth mode as done by Mansell et al. [2005]. However,
because of uncertainties of the charge separation mecha-
nism, three classes of ice particles seems to be sufficient to
reproduce the main characteristics of the storm.
[10] The electrification scheme has been fully described

by Barthe et al. [2005], and it is briefly summarized herein.
The electrical scheme is developed from the mixed phase
microphysical scheme of the model [Caniaux et al., 1994;
Pinty and Jabouille, 1998]. The charge separation mecha-
nisms consider noninductive processes that result from
elastic collisions between particles with different degrees
of riming. The noninductive charge separation parametriza-
tions of Takahashi [1978], Saunders et al. [1991] and
Saunders and Peck [1998] have been implemented in the
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manner described in Mansell et al. [2005]. We do not repeat
the description of these parameterizations here.
[11] The electric charges carried by each of the five

hydrometeor categories are transported along the airflow
and are exchanged according to the various microphysical
mass transfer rates. Power law distributions of individual
charges are given as a function of particle size and hydro-
meteor habits. This feature emphasizes the distinction
between mass and charge characteristics of the hydrome-
teors whose electrical properties and mass transfer rates are
neither proportional (mass-weighted) nor uniformly distrib-
uted with size. Disconnecting mass-size and charge-size
properties of the hydrometeors brings useful degrees of
freedom that are indeed absent in all the other schemes.
[12] The electric field is diagnosed at each time step after

integrating the electric potential induced by a net charge
density in the Poisson equation. The ground and the highest
atmospheric levels are equipotential planes. Lateral bound-
ary conditions follow Barthe et al. [2005].
[13] A lightning flash is triggered when the electric field

locally steps over a breakeven threshold defined by
Marshall et al. [1995]. The flash propagates in two opposite
directions until the magnitude of the electric field falls
below a prescribed value. A sequential fractal branching
algorithm is applied to complete the extent of lightning
streamers toward cloud regions where substantial charge
densities are present. Charges are neutralized along the
tortuous lightning path but the charge balance is considered
in a different way according to the intracloud or to the
cloud-to-ground character of the flash. The lightning flash
scheme is fully described in section 3.

2.3. Additional Developments

2.3.1. Inductive Charging Process
[14] Additional developments have been made to the

scheme originally published in Barthe et al. [2005]. The
inductive charging mechanism is now integrated in
the electrification scheme. As hydrometeors are dielectric
bodies, they become polarized in a vertically pointing
electric field with charges of opposite polarity accumulating
at the top and at the bottom faces to form a dipole moment.
When two particles collide and rebound close to their
vertical axis of symmetry, charges of opposite polarity are
briefly exchanged yielding a net reduction of charge in the
contact zone. As a result, positive (negative) charges tend to
form on big (small) size hydrometeors by this mechanism.
Although the inductive mechanism cannot by itself explain
the charge densities and the charge distribution usually
observed in thunderstorms, it is anticipated that it is locally
a nonnegligible contributor to the cloud electrification pro-
cess. As mentioned by Mansell et al. [2005], including or
excluding the inductive charging leads to a different behav-
ior of the electrical activity. For instance, he observed that
the inductive charge separation mechanism tends to enhance
the positive charge zone in the low levels of a thunderstorm.
Consequently, the lightning triggering altitude is lowered
and the production of cloud-to-ground flashes is favored.
[15] Laboratory studies conducted by Aufdermaur and

Johnson [1972] have shown that in the presence of an
electric field stronger than a few kV m�1 collisions between
particles would lead to significant charge exchange. Drop-
drop inductive charging is not considered because most of

the time the two colliding particles end up with a single
bigger drop. Concerning ice-ice inductive charging, the short
duration and small size of the contact zone and the low ice
electrical conductivity do not allow for a substantial charge
exchangewhen ice particles collide [Illingworth andCaranti,
1985]. Therefore only bouncing collisions between graupel
and droplets are likely needed to be taken into account. Even
if the rate of rebounding collisions is low compared to the rate
of sticking collisions, the amount of charge separated is
important. The inductive charging rate parameterization
follows the expression given by Ziegler et al. [1991]:
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where Ecg is the graupel-droplets collision efficiency, Er the
rebound probability, and Ez the vertical component of the
electric field. � is the permittivity of air. rg is the graupel
charge density, Dc the cloud droplets diameter, and Dg the
graupel diameter. V is the fall speed of graupel, and Nc is the
number concentration of cloud droplets. The second term of
the expression accounts for a preexisting charge polarity of
the graupel. Assuming that grazing collisions are the most
efficient ones, a is the fraction of droplets experiencing
grazing trajectories, and cos(q) is the mean cosine collision
angle. Er, a and cos q are set to 0.1, 0.07 and 0.2,
respectively, as suggested by Ziegler et al. [1991].
2.3.2. Electrical Variables
[16] A charge density is associated to each component of

the water cycle, i.e., to each category of condensate and to the
water vapor. The mass charge density (Qx in C kg�1) is the
prognostic electrical state variable related to the mixing ratio rx
of species x. The governing set of prognostic equation forQx is

@

@t
rdref Qx

� �
þr � rdref QxU

� �
¼ rdref Sx; ð2Þ

where U is the air velocity, and Sx is the source term
standing for the effects of diffusion, charging mechanisms,
charge transfers and sedimentation, and charge neutraliza-
tion by lightning flashes. rdref is the fixed air density
reference of the Méso-NH continuity equation.
[17] The choice of Qx, defined as the quantity of charge

on the water substance x scaled by the mass of dry air, is
dictated by conservation statement of an electrical property
in agreement with the flux-form advection operator of
Méso-NH [Lafore et al., 1998]. Total charge (in C) and
mass are conserved during transport but the volume is not.
As a consequence, the often used volume charge density (rx
in C m�3) is not a suitable prognostic variable in our case.
The total mass charge density is not conserved by some
processes: neutralization by cloud-to-ground flashes,
charged precipitating particles reaching the ground or flux
of charges through a domain boundary. The mass charge
density is simply related to the volume charge density by:
Qx = rx/rdref.

2.4. Treatment of Ions and Charge Conservation

[18] The treatment of the water vapor deserves a short
discussion. During the evaporation and the sublimation of
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the hydrometeors, mass is explicitly transferred from the
condensate to the water vapor. The associated charge loss
would correspond to the release of free ions. However, ions
and the physics of ions are not yet considered in this
electrical scheme, so the charge carried by the ions is
symbolically attributed to that of the water vapor (we
assume that ions behave more like gas molecules than solid
bodies). Two reasons can explain this choice. First, as small
charged hydrometeors evaporate or sublimate completely,
decreasing the mixing ratio without reducing the charge
carried by these hydrometeors would somehow lead to
unrealistic charge/mass ratios well above the Rayleigh limit
[MacGorman and Rust, 1998]. Second, the total electric
charge must be conserved, thus, the charge associated to the
transfer of mass during evaporation is stored in a ‘‘water
vapor’’ reservoir. Altaratz et al. [2005] did not track the
charge produced by evaporating or sublimating hydrome-
teors, and therefore they did not conserve the total charge. It
is assumed that ion charge is not put on hydrometeors with
the same sign of charge.
[19] In the microphysical scheme, a saturation adjustment

is performed for the water vapor mixing ratio. In mixed
phase clouds, cloud droplets and small ice crystals can
coexist so fast exchanges of water vapor are necessary for
a rapid return to equilibrium. A saturation vapor mixing
ratio rvc,i

sat (T) is defined by a barycentric formula based on
saturation over water and ice and with cloud droplet and
pristine ice mixing ratios acting as weighting factors. The
deposition and the condensation rates are derived from the
implicit adjustment with respect to rvc,i

sat . The ‘‘water vapor
charge’’ is adjusted in proportion of the change of mixing
ratio after the mass adjustment. We crudely consider that
ions represented here by the ‘‘water vapor charge’’ are more
or less sensitive to phoretic effects in the surrounding of
small droplets and small crystals.

3. Lightning Flash Scheme

[20] There are two categories of lightning events that
need to be reproduced in numerical models. Intracloud (IC)
flashes are connecting two regions of opposite charge inside
the cloud while cloud-to-ground (CG) strikes are lightning
flashes that reach the ground. The latter are positive (+CG)
or negative (�CG) depending on the polarity of the leader
connected to the ground. A +CG flash is detected when the
leader propagates in a negatively charged zone before
reaching the ground. The overall effect of lightning flashes
is to reduce the electrical stress inside an electrified cloud by
reorganizing the electric charges and so by limiting the
magnitude of the electric field. The efficiency of a lightning
scheme can be checked in several aspects (frequency,
location, polarity, extension). All of these characteristics
of the lightning flashes are detectable and informative about
the electrical activity in clouds.
[21] Moreover, it is now well established that IC flashes

have a significant impact in atmospheric chemistry as they
constitute an important source of nitrogen oxide (NOx =
NO + NO2), an ozone precursor, in the tropical atmosphere:
following Wang et al. [1998], an NO production rate can be
estimated per unit length of discharge channel. It turns out
that in addition to the frequency, the total flash length is also

a key parameter to get a reliable NOx production rate by
lightning flashes [Barthe et al., 2007].

3.1. Previous and Present Lightning Flash Treatments

[22] Observations of VHF emission by lightning flashes
[Shao and Krehbiel, 1996; Rison et al., 1999; Krehbiel et
al., 2000; Thomas et al., 2001] reveal the bidirectional
nature of the intracloud flashes and their large horizontal
extension in one or two layers. However, a few electrifica-
tion models include a realistic lightning parameterization
which is consistent with these observational evidences.
[23] There are roughly two categories of lightning

schemes as reviewed in MacGorman et al. [2001] and
Mansell et al. [2002]. On the one hand, some bulk schemes
treat the global effect of the lightning flash, i.e., a volumet-
ric reduction of charge density excess [Rawlins, 1982;
Takahashi, 1984; Ziegler and MacGorman, 1994]. This
type of scheme is simple to implement but lacks physical
insight. More realistic schemes introduce the notion of a
lightning path. However, most of them only reproduce the
bidirectional leader phase [Kasemir, 1960], a nearly vertical
propagation of the flashes driven by the ambient electric
field [Helsdon et al., 1992] or by the net electric field
[Solomon and Baker, 1996; Mazur and Ruhnke, 1998].
[24] A number of available lightning schemes focus on

the vertical propagation of lightning flashes whereas
branches and large horizontal extensions of the flashes were
indeed observed [MacGorman et al., 1981; Shao and
Krehbiel, 1996; Rison et al., 1999]. Hager et al. [1989]
developed a deterministic lightning scheme where the
channel is extended to all the points where the electric field
becomes higher than a threshold. To take into account the
horizontal extension of the flashes, Helsdon et al. [1992]
included a ‘‘semivolumetric’’ IC parameterization in their
storm electrification model [Helsdon and Farley, 1987] with
a ‘‘neutralizing’’ halo zone encompassing the bidirectional
leader. Allowing for flash propagation in high charge but
weak electric field regions, MacGorman et al. [2001] were
the first to draw attention to the geometrical structure of a
lightning flash. Furthermore but starting from another point
of view, Niemeyer et al. [1984] already showed that a
dielectric breakdown model naturally lead to a fractal
structure of discharge patterns in insulating material. Then
the original algorithm of Niemeyer et al. [1984] was
successfully adopted by Mansell [2000] to describe branch-
ing structures in their state-of-the-art 3-D lightning flash
scheme.
[25] The dielectric breakdown approach was already

mentioned by other authors to study lightning discharges.
After modifications of the model of Niemeyer et al. [1984],
Tsonis and Elsner [1987] were among the first to generate
lightning structures qualitatively similar to those observed.
Wiesmann and Zeller [1986] further improved their dielec-
tric breakdown model by introducing an internal electric
field to take into account the finite resistance of the ionized
channel and a critical electric field to threshold the propa-
gation. Petrov and Petrova [1993] used the model of
Wiesmann and Zeller [1986] to reproduce different kinds
of discharges. Numerical simulations of a stepped leader
near the ground were also realized by Kawasaki and
Matsuura [2000] using a leader progression model and
the fractal concept. They succeeded in simulating the
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branches of the lightning flashes. To summarize, the nu-
merical dielectric breakdown approach has profoundly
improved the traditional treatment of lightning discharges.
Unfortunately, this technique suffers from an important
drawback which is its heavy computational burden when
solving a Laplace equation each time an elementary branch
is added to the structure.
[26] The physics of lightning discharges is complex and

still not well understood. Thus it seems out of reach
developing a new lightning scheme in a 3-D mesoscale
model solely based on true physical arguments. In the
present model, attention is paid to the reproduction of the
lightning flash morphology and of the major effects of
the lightning flashes, i.e., the local limitation of the electric
field and the local charge redistribution. The lightning scheme
is made up of two different parts. First, a deterministic
lightning channel develops in the manner of the bidirectional
leader [Kasemir, 1960]. Then, branches are connected in high
charge regions with a probabilistic algorithm based upon a
fractal description of lightning as supported by the results of
Niemeyer et al. [1984] and Mansell et al. [2002].

3.2. Electric Field Computation and Lightning Flash
Triggering

[27] The electric field is a solution of the Gauss equation
which involves the total volume charge density rtotal:

r � E ¼ rtotal
�

ð3Þ

where � is the permittivity of the air. The electric potential f
is related to the electric field by E = �rf. Equation (3)
is solved with the parallelized elliptic pressure solver of
Méso-NH, needed for the anelastic dynamics. Boundary
conditions are adapted to constrain the electric field. The
electric field remains orthogonal to the ground and to the
highest level surfaces. It recovers a standard fair weather
value on the lateral boundaries of the domain of simulation.
[28] The value of the dielectric breakdown field is about

3000 kV m�1 at sea level while Marshall et al. [1995]
showed from many electric field soundings that the electric
field hardly reaches more than 150 kV m�1 inside thunder-
storms. From the detection of X-rays just before a lightning
flash was triggered,MacCarthy and Parks [1985] concluded
that relativistic electrons (�1 MeV), accelerated by the
electric field, could be responsible for this X-ray emission
by ionizing air molecules [Gurevitch et al., 1992;
MacCarthy and Parks, 1992]. This means that a sustained
energetic electron avalanche can trigger a lightning flash for
electric fields much smaller than the breakdown value. This
electric field is the breakeven electric field Ebe which is
simply parameterized as a function of the altitude [Marshall
et al., 1995]:

Ebe ¼ 	167rA zð Þ with rA zð Þ ¼ 1:208 exp
�z

8:4

� �
ð4Þ

where Ebe is in kV m�1 and the altitude z in km. Once the
electric field is computed, a lightning flash is randomly
triggered among the grid points where the electric field is
higher than 0.9Ebe. The factor 0.9 accounts for some
subgrid-scale variability of the electric field and allows for a

slightly undetermined location of the lightning flash
initiation as suggested by MacGorman et al. [2001].

3.3. Bidirectional Leader

[29] The first step of the lightning flash parameterization
follows Helsdon et al. [1992] and the theory of Kasemir
[1960] who considered IC lightning channels as electrically
neutral conductors. Two segments of opposite polarity
propagate in the direction parallel and antiparallel to the
electric field. The leader propagates step by step as long as
the amplitude of the electric field at the tip of the channel
stays higher than a fixed propagation threshold (Eprop =
20 kV m�1). The addition of a new segment requires the
computation of angles between the electric field and the
coordinate vectors. The direction of propagation of
the leader is determined from these angles. The leader path
follows the closest electric field line along the coordinate
axes or along the diagonals. It is restricted to the forward
hemisphere so the propagation is stopped when only back-
ward propagation is possible. The bidirectional leader also
stops propagating when it reaches regions of low electric
field or regions where the electric field is opposed to the
propagation.
[30] The criterion for propagation and termination of the

leader is based on the ambient electric field instead of the
true local one. We are aware that omitting for the moment
the influence of the electric field induced by the lightning
itself is a shortcoming [Mazur and Ruhnke, 1998], but it is
done for the sake of simplicity and mostly to reduce the
computational cost. As described previously, the electric
field is computed with an elliptic solver which takes a
significant computation time. Given the fact that the electric
field at the tip of the leader should be recalculated each time
a segment is added to the channel, a simple approach based
on the ambient field is retained. It is further justified by the
fact that more attention is paid to the generation of branches
growing on the bidirectional leader structure.
[31] The treatment of CG flashes is more problematic.

Previous tests made with the model have shown that the
channel does not propagate below a critical altitude of 2 km.
Many reasons can explain this deficiency. First, the electric
field is possibly underestimated because of the discrete
nature of the field. Indeed, the vertical grid size of the
model is higher than 100 m which is larger than the physical
channel width. Moreover, ions and corona effects are not
considered in the model; thus the electric field below cloud
is lower than the propagation threshold, and the channel can
never reach the bottom of the domain. To remedy this
problem, it was decided to force the leader to reach the
ground when it is strictly vertically oriented in the down-
ward direction and when the lightning tip falls below the
altitude of 2 km above the ground.

3.4. Fractal Treatment of the Branches

[32] The lightning flash scheme developed by Mansell
[2000] needs to compute the local electric field each time a
new segment is added to the existing structure of the
lightning. This class of scheme is grounded in the physics
of electric discharges so it is suitable in the case of high
resolution of the lightning channel geometry. Here a slightly
different point of view is adopted to incorporate an accept-
able level of detail and complexity to produce the branching
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patterns. In order to limit the computation cost of the
simulation, the dielectric breakdown model of Niemeyer et
al. [1984] and the ‘‘Wild Fire’’ technique of MacGorman et
al. [2001] are considered and simplified. The grid points
that can be added to the channel must obey a criterion on
charge density as in the work by MacGorman et al. [2001].
Then it is postulated that the number of branches at a
distance d from the triggering point is described by the
fractal law [Niemeyer et al., 1984]:

N dð Þ � Lc

Lmoy
dc�1 ð5Þ

[33] The fractal dimension c varies in the range 1 < c < 2
in two dimensions and in the range 2 < c < 3 in three
dimensions [Petrov and Petrova, 1993]. The exponent c
determines the degree of branching of the lightning flashes.
Lmoy is the average length of a grid mesh, and Lc a
characteristic length of the flash. d is the distance from
the triggering point, expressed in number of grid points.
[34] The implementation of the fractal treatment of the

branches is done as follows. The simulation domain is
divided into concentric spheres (centered on the grid point
where the flash is triggered) whose radii are equal to the
lowest grid spacing dl = (dx 
 dy 
 dz)1/3 multiplied by an
integer n. The level one of branching is first performed. The
first level corresponds to branches that are directly linked to
the bidirectional leader. When a branch is attached to a first
level branch, its level of branching is two, and so on. The
branches linking the bidirectional leader and the contiguous
nodes with r > rexcess are explored. The probability of
branching is inversely proportional to the number of possi-
ble bonds. Even if the probability does not depend explicitly
on the strength of the electric field as in the work by
Mansell et al. [2002], the technique is able to simulate the
growth of a lightning structure and a qualitative screening
effect. This means that open sites, like those at the tips of
the branches, are favored against interior sites which are
embedded in the branched structure.
[35] The total cloud is examined using the sphere of

increasing radius n 
 dl starting from n = 1. For each
sphere, the number of preexisting branches is calculated
together with the maximum number of branches at this
distance (equation (5)). If the number of preexisting
branches at distance d is equal or larger than the maximum
number of branches, N(d), no more segments are added. In
the opposite case, new bonds are added to the flash starting
from the grid points having the highest probability of
connection and selecting at random those having an equal
probability [Mansell, 2000]. Once the whole bidirectional
leader structure is explored for the first level of branching,
the procedure is applied to the second level of branching
with roots on the branches of level one, and so on until no
more branching is possible.

3.5. Neutralization

[36] Because of the very high temperatures inside the
lightning channel, air molecules become ionized. The in-
duced free ions diffuse away from the channel and partially
neutralize the charged hydrometeors of opposite polarity.
The net result is that lightning flashes neutralize an equal
amount of positive and negative charge and reduce the

electric field in the cloud. Thus, once the entire lightning
channel is obtained, the electric charges are redistributed
along the path. The parameterization of the neutralization
process is adapted from the work of Ziegler and MacGorman
[1994] and MacGorman et al. [2001]. The charge is neutral-
ized for the channel grid points (i, j, k) where the charge
density is higher than a given threshold rexcess:

dr i; j; kð Þ ¼ 	 jr i; j; kð Þj � rexcessð Þ if jr i; j; kð Þj > rexcess

dr i; j; kð Þ ¼ 0 otherwise;

8<
: ð6Þ

where r(i, j, k) is the total electric charge along the lightning
flash. In the case of IC flashes, the total charge neutrality of
the channel must be respected [Kasemir, 1960]. The total
charge of the flash is summed algebraically, and if non zero,
the residual is distributed on each grid point of the channel.
The correction applied to each grid point of an IC flash is
then:

drneut ¼
X
i;j;k

dr i; j; kð Þ 
 1

N
ð7Þ

where N is the number of grid points reached by the
lightning flash. Since the ions are not explicitly treated in
the model, the ions released by lightning flashes are directly
attached to the different hydrometeor categories. It is
assumed that each hydrometeor category receives the
quantity of charge in proportion to the hydrometeor surface
area s:

drx i; j; kð Þ
dt

¼ dr i; j; kð Þ � drneut½  sx i; j; kð ÞP
l sl i; j; kð Þ ð8Þ

The quantity of charge neutralized on each grid point
depends on the preexisting charge at this point. In the case
of CG flashes, the charge neutrality constraint (equation (6))
no longer applies.

4. Storm Initiation and Evolution

4.1. Initialization

[37] The supercellular storm described by Barthe et al.
[2005] has been chosen to illustrate the lightning flash
scheme efficiency. The simulation lasts 80 min, and the
domain is 40 km 
 40 km 
 15 km with a resolution of
1 km on the horizontal and 500 m on the vertical. Convec-
tion is initiated by a warm bubble located in the planetary
boundary layer, at the southwestern corner of the domain.
The initial sounding comes from Klemp and Wilhelmson
[1978]. The idealized hodograph is characterized by a
vertical shear with a low level veering and an upper level
wind constant in speed and direction (southwestern flow).
[38] The parameterization of Saunders et al. [1991] is

used to describe the noninductive process. This parameter-
ization has been modified at low liquid water content as
suggested by Helsdon et al. [2001]. The inductive mecha-
nism is considered. Open boundary conditions are applied
in both x and y directions. A numerical absorbent is placed
in the upper levels to damp vertically propagating gravity
waves. Advection of the moist and electrical variables is
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done with the MPDATA (Multidimensional Positive Defi-
nite Advection Transport Algorithm) scheme. The branch-
ing parameters c and Lc are set to 2.5 and 500 m
respectively.

4.2. Storm Evolution

[39] The temporal evolution of the peak value of some
selected parameters is depicted in Figure 1. Starting from the
top, the updraft speed reaches a maximum value of 18 m s�1

after 30 min. Then it gradually decreases as the storm
dissipates. The downdraft velocity follows a symmetrical
evolution and attains �7 m s�1 during the mature stage. The
supercell is not very intense since the vertical velocity in
storms often exceeds 30 m s�1. It results in a weak vertical
extension of the cloud with a cloud top less than 10 km
altitude. The next curve of Figure 1 shows the maximum
value of the graupel mixing ratio which stays below the
9 g kg�1 level that is reached after 40 min of simulation.
There is a short delay of approximately 5–10 min between
the updraft and the graupel signals as the buildup of elabo-
rated microphysical species such as the graupel is necessarily
lagged because of inherent microphysical time scales.
[40] The electric field and the total charge densities

(positive and negative values) are the next analyzed varia-
bles. They are a good indicator of the lightning flash scheme
efficiency and of the microphysical state of the storm.
Lightning flashes are triggered among the grid points where
the electric field peaks above Ebe (equation (4)). Neutraliz-

ing the charges tends to reduce the total charge density and
by extension to limit the growth of the electric field. In
Figure 1, the early generation of the charges is roughly
delayed by 10 min with the very first production of graupel-
like, rimed ice particles that have a prominent role in the
cloud electrification processes. This is explained by the
sedimentation timescales of the different particles that lead
to a macroscopic charge separation at the cloud scale. The
maximum graupel charge density turns around ±3 nC m�3

on average. The traces are not symmetrical. The amplitude
of the maximum charge density decreases with the storm
activity.
[41] The amplitude of the maximum ambient electric field

is plotted at the bottom of Figure 1. The signal clearly never
exceeds 200 kV m�1 indicating a satisfying efficiency of the
complex lightning scheme. Relatively high frequency but
small fluctuations are also present on the trace. They are
indicative of the lightning flash activity. The growth of the
maximum electric field is still visible even during the
mature stage of the storm. The storm is developing electri-
cally at lower altitudes, where the triggering threshold is
higher.
[42] Lightning flash frequency is also plotted in the

bottom plot of Figure 1. Lightning flashes are triggered
15 minutes after the electric field has started to increase.
The maximum electrical activity takes place after one hour
of simulation, and the lightning flash frequency is about

Figure 1. Temporal evolution of different parameters. From the top to the bottom, the plotted
parameters are the maximum positive (maroon curve) and negative (orange curve) vertical velocities (in
m s�1), the maximum graupel mixing ratio (pink curve) (in g kg�1), the maximum positive (green curve)
and negative (blue curve) graupel charge densities (in nC m�3), the maximum electric field (red curve) (in
kV m�1), and the lightning flash frequency (black curve) (in number of flashes per 10 s).
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4 flashes every 10 s. Then the flash frequency decreases in
relation to the dissipation of the electric charge.
[43] Figure 2 shows a series of vertical cross sections of

the total charge density taken at different stages of the
supercell life cycle. All the vertical cross sections are taken
along the upper level wind and go through the maximum
updraft core. At 30 min, a positive charge region is located
below a negative charge region. In this first stage, the
positive noninductive charging of graupel is dominant:
graupels gain a positive charge and ice crystals a negative
charge. Because of different sedimentation rates between ice
crystals and graupels, an inverted dipole shows up. Positive
values reach 0.1 nC m�3, and negative values are only
0.05 nC m�3. No lightning flashes are triggered during this
stage of the storm because of the low charge density.
[44] Twenty minutes later, the inverted dipole no longer

exists. A positive charge extends in the upper part of the
cloud, between the �10�C and the �20�C isotherms while a
negative charge region is located below the �10�C iso-
therm. The values of the total charge density have increased
to reach ±0.8 nC m�3 in both the positive and the negative
regions. Most of the noninductive charging mechanism of
the graupel has switched to negative which results in a
direct dipole. The electrical structure combines the electrical
state of the hydrometeors and the dynamical properties of
the particles and of the flow. The transition from an inverted
dipole to a direct dipole when using the Saunders et al.
[1991] parameterization has already been simulated by
Helsdon et al. [2001] and Mansell et al. [2005]. In the
vigorous part of the updraft where supercooled droplets
coexist with graupel, the inductive charging is active and
increases the charge of graupel. As a result, the lower pole
of our simulated storm is reinforced as noted by Mansell et
al. [2005].
[45] At 80 min, the storm enters into the dissipation stage.

The boundary between the two opposite charge regions has
collapsed to the altitude of 4–5 km, while it was around
6 km 30 min earlier.
[46] Moreover, the shape of the charge regions has

changed. Both positive and negative charge regions spread
out when the storm starts to dissipate.
[47] Below the freezing level of the downdraft, the

graupels melt into raindrops which results in negative
precipitation. The total charge density decreases because

of a sustained lightning flash activity and because of a less
efficient rate of separation in the upper levels. The posi-
tively charged anvil is crossing the horizontal domain
boundary.

5. Efficiency of the Branching Scheme

[48] The treatment of the lightning flashes is novel and it
is the most complex part of the complete cloud electrifica-
tion scheme. It raises the question of the usefulness of such
a detailed scheme. This section illustrates this point through
sensitivity experiments which are analyzed.

5.1. Illustration of an IC Flash

[49] Figure 3 shows a 3-D perspective of the volumic
surface wrapping a single lightning flash. In other words, it
corresponds to the influence zone of a lightning flash where
hydrometeor charges are neutralized after this flash event.

Figure 2. Vertical cross sections of the total charge density (colored areas) at (a) 30 min, (b) 50 min, and
(c) 80 min. The horizontal lines represent the 0�C, �10�C, and �20�C isotherms. The black curve shows
the cloud boundary.

Figure 3. Surface over the region of a lightning flash
(yellow surface) triggered at 2984 s. It represents the
volume affected by an individual lightning flash with the
branching scheme. The initiation altitude of this flash is
5500 m. The lightning flash is viewed from the west side of
the domain. The overlying light gray surface shows the
cloud boundary.
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The flash was triggered at 5500 m altitude during the mature
stage. The lightning flash exhibits a two-layer horizontal
structure. The upper layer is located around 7 km altitude,
while the lower layer is centered around 4 km. The upper
and lower levels of the flash are associated to the positive
and to the negative charge regions, respectively. This flash
structure looks like observed ones reported by several
investigators such as Shao and Krehbiel [1996] and Rison
et al. [1999]. Mansell et al. [2002] simulated intracloud and
cloud-to-ground discharges with their 3-D branched light-
ning flash model and showed that an IC flash often exhibits
a ‘‘bilevel’’ horizontal structure. The difference of altitude
between the IC flashes simulated by Méso-NH and those of
Mansell et al. [2002] is related to the different altitudes of
the charge regions. In the work by Mansell et al. [2005], the
upper positive and the main negative charge regions of their
multicell are centered at 10 km and 8 km altitude, respec-
tively. The storm simulated here comes from a different
sounding. It produces a positive charge layer at 7 km
altitude and a negative charge region at 4 km altitude. This
difference of charge location is due to weaker vertical
extension of the storm simulated by Méso-NH. The spatial
extension of this IC flash is also in agreement with obser-
vations [Shao and Krehbiel, 1996; Rison et al., 1999].

5.2. Sensitivity to the Lightning Scheme

[50] Two additional experiments are realized to examine
the sensitivity of the electric field to the branching scheme.
A first experiment is made without lightning flash while in
the second experiment, only the bidirectional leader stage is
activated.
[51] Figure 4 illustrates the efficiency of the lightning

scheme to physically bound the growth of the electric field.
Figure 4a corresponds to the first experiment. It shows that the
maximum recorded value of E can nearly reach 300 kV m�1.
This is three times more than the same simulation run with
the full lightning scheme. In the absence of lightning
discharges, the evolution of the electric field shows a

smooth ascending curve. Figure 4b is related to a simulation
that ignores the branching stage. In this case, E peaks around
235 kV m�1 which is larger than the value of the breakeven
field [Marshall et al., 1995] despite a strong increase of the
number of the flashes. In the simulation with the complete
lightning flash scheme, 118 flashes are triggered while the
number of lightning flashes in the simulation without
branching stage is 427, i.e., 3.5 times more. This demon-
strates that the full lightning scheme must be considered
because it clearly provides a better limitation to the growth
of the electric field.
[52] The effect of the lightning scheme on the total

electric charges is the purpose of Figure 5. The cross section
is selected the same as in Figure 2. The total charge density
differences have been plotted after 80 min of simulation.
The difference means that the resulting field of the standard
simulation is substracted from the field without the light-
ning flash scheme (Figure 5a) and from the field without the
branching scheme (Figure 5b). In the absence of lightning
discharge or with a truncated scheme (no branch genera-
tion), the charge density differences is about two times more
than if the complete lightning flash scheme is considered.
The two charge centers are amplified meaning that no
charge is presently neutralized (Figure 5a) or that only a
small amount of charge is neutralized (Figure 5b) in the
second experiment. This sensitivity study illustrates how a
degraded representation of the lightning flashes may induce
subtle charge redistributions.
[53] In the absence of the branching algorithm, an aver-

age of 0.85 C of charge of each polarity is deposited by an
individual flash. This value increases to 7.68 C when the
complete lightning flash scheme is used. This difference is
related to the lowest number of segments in the absence of
the branching scheme. In both cases, the charge neutralized
at each point of the channel is about 0.12 nC m�3. A mean
bidirectional leader is composed of 13 segments per flash in
average while a branched flash has 128 segments. Thus the

Figure 4. Temporal evolution of the maximum electric field (in kV m�1). (a)Maximum electric field
when the lightning flash scheme is not used (thick line). (b) Represents the maximum electric field when
the branching scheme is not used (thick line). In both Figures 4a and 4b, the thin line shows the
maximum electric field when the complete lightning flash scheme is taken into account.
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total length of an individual flash is about 140 km when the
complete flash scheme is used. Adding the branching
algorithm leads to an increase of charge neutralized and
total flash length by a factor 10.

5.3. Sensitivity Analysis of the Fractal Parameters

[54] Simulations have been done for different values of
the fractal parameters introduced in equation (5) where c is
the fractal dimension of lightning flashes and Lc, a flash
segment length scale. Sensitivity tests have been performed
by varying c and Lc, independently. The results are reported
in Table 1 where a quick look indicates that a big change in
c and in Lc still limit the electric field (Emax � 130–140 kV
m�1) to a breakeven value in any cases.
[55] The influence of the fractal dimension on various

electrical parameters is first investigated. c is set to 2.2, 2.5

and 2.8 and Lc is kept to a value of 500 m. It is expected
that for an individual flash, an increase of c will produce
more branches in the structure of the flash. As a result,
increasing the flash length leads to more charges to be
neutralized per flash and finally less lightning flashes during
the simulation. Simulation results reported in Table 1 are in
agreement with such an explanation. An increase in c
enhances the mean number of segments per flash, and
decreases the number of lightning flash. The average level
of branching (�7.5) is unaffected by variations of c
meaning that the flashes are allowed to propagate in a
similar volume of cloud of high charge density.
[56] The influence of Lc on lightning flash parameters is

now studied while keeping c = 2.5. For an individual flash,
an increase of Lc has the same effect as increasing the
fractal dimension. Looking at Table 1, it is evident that an
increase in Lc produces results broadly comparable to those
produced with an enhancement of c. However an excessive
sensitivity appears when taking Lc = 200 m. The average
number of segments per flash is 38 while it is close to
values around 100 and above in the other cases. Further-
more, the average number of branching is 3.1 while it is
around 7.5 for all the other settings of c and Lc. A low
value of Lc causes a low Lc/Lmoy ratio. Therefore the
maximum allowed number of branches at a low distance
from the triggering point is zero. When the distance
increases, the maximum number of branches is slightly
enhanced, but not enough to allow for a good flash
expansion. As a few charges are neutralized by individual
flashes, three times more flashes are triggered to compen-
sate their inefficiency to neutralize the excess of charges.
This shows that the Lc value is the most critical one that
should not be set to a value lower than the vertical
resolution of the simulation domain.
[57] This test shows that the mean flash length and the

number of individual flashes are sensitive to the fractal
parameters while the total flash length is much less (an
average of 15,000 segments are processed in each simula-
tion). Excluding the 2nd row of Table 1, the flash length
varies by a factor 2.0 while the number of lightning flashes
ranges from 90 to 146. The branching algorithm is robust
because a balance phenomenon takes place: when the fractal
parameters do not allow highly branched structures, mean-
ing efficient neutralizing flashes, the number of triggered
flashes increases. The compensation between flash length
and number of flashes always succeeds in limiting the
electric field to breakeven values. A recommendation of

Figure 5. Vertical cross sections of the difference of total
charge density (colored areas) at 80 min between (a) the
simulation with and without the complete lightning scheme
and (b) the simulation with and without the branching
algorithm. The black curve shows the cloud boundary.

Table 1. Table of Sensitivity Tests Concerning the Fractal

Dimension of Lightning Flashesa

c Lc, m
Emax,
kV m�1

Number of
Flashes

Average
Number of

Segments per Flash
Average Level of

Branching

2.2 500 131 146 89 7.4
2.5 200 138 313 38 3.1
2.5 500 130 118 128 7.6
2.5 1000 130 90 174 7.5
2.8 500 130 92 170 7.4

ac is the fractal dimension of the flash and Lc the characteristic length of
the lightning flash. Emax is the maximum electric field reached during the
simulation (in kV m�1).
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the study is to adopt the following rules: 2.5 < c < 2.8 and
500 m < Lc < 1000 m. These ranges of values present the
lowest sensitivity to the tuning of the couple of flash
parameters.

6. Conclusion

[58] The main purpose of this work is to describe and to
evaluate the properties and the bulk sensitivity of an original
lightning flash scheme for use in a mesoscale model at high
horizontal resolution, typically aimed at the one kilometer
scale. The scheme is part of an extensive cloud electrifica-
tion scheme that comprises a set of prognostic equations of
the electric charges, the calculation of electric field (in
generalized coordinates so it is applicable to nonflat terrain)
and an advanced representation of the lightning flashes. The
study reviews some recent improvements brought to Barthe
et al. [2005] and illustrates the global behavior of the
lightning scheme at storm scale.
[59] The lightning flash parameterization is composed of

two parts. A lightning flash is triggered when the ambient
electric field crosses the breakeven threshold. The flash first
propagates as a bidirectional leader which is mostly verti-
cally oriented along the electric field line. This is the
deterministic step of the propagation scheme which is
common to many schemes. The original part of the present
scheme comes from the superimposed fractal representation
of the lightning discharge. The purpose of it is to capture the
global morphology of the flashes, i.e., to reproduce a
realistic filamentary branched structure with a multilevel
horizontal extension as observed. Determining the path of
the lightning flash is important for the charge neutralization
as well as for the frequency, the location and the total length
of the flashes. The scheme is inspired by the dielectric
breakdown models of Niemeyer et al. [1984] and Mansell
[2000] that generate the topological characteristics of a
fractal geometry. The present scheme sticks with this
approach but with a helpful and necessary simplification
in the parameterization of the branching probabilities to
save computing resources. The scheme is iterative and the
code is parallel. The buildup of the fractal structure is
spatially constrained to regions where the density of the
charges is high enough. The electric charges are neutralized
along the whole lightning path which includes the bidirec-
tional leader and the branches. No neutralization balance is
performed for CG flashes. The probabilistic part of the
lightning flash scheme, the branching algorithm, is a sub-
stitute for the still unknown physical conditions of the
random progression of natural flashes in real clouds.
[60] The whole electrification scheme is tested in the 3-D

mesoscale model Méso-NH to outline the electrical history
of an idealized deep convection event. Results show that the
scheme works satisfactorily and can bring an original
electrical signature to the successive phases of the storm.
The scheme used with the Saunders et al. [1991] parame-
terization of noninductive charge separation mechanism
produces an inverted dipole structure that evolves into a
direct dipole as already simulated by Helsdon et al. [2001]
and Mansell et al. [2005] in other case studies. The
lightning scheme shows its capacity to regulate the electric
charge of the storm as a result of the intense and continuous

noninductive (and inductive but with a lesser impact)
charging processes in the updraft.
[61] The next application of the electrification scheme

will address the charging mechanisms in several idealized
convective cases but it is worth mentioning that the scheme
already contains all the ingredients to simulate electrified
clouds in real meteorological situations.

Notation

rg charge density on graupel (C m�3).
Dg graupel diameter (m).
Dc pristine ice diameter (m).
Ecg graupel-droplets collision efficiency.
Er rebound probability.
V terminal fall velocity of graupel (m s�1).
Nc number concentration of cloud droplets (L�1).
a number of cloud droplets experiencing grazing

collisions.
q collision angle.
� permittivity of air (� = 8.8592 
 10�12 F m�1).
Ez vertical component of the electric field (V m�1).
Qx mass charge density of species x (C kg�1).

rdref reference density of dry air (kg m�3).
rx volume charge density of species x (C m�3).
U air velocity (m s�1).

rvc,i
sat saturation vapor mixing ratio (kg kg�1).
E electric field vector (V m�1).

rtotal total volume charge density (C m�3).
f electric potential (V).

Ebe breakeven electric field (kV m�1).
rA air density (kg m�3).
z altitude (m).

Eprop electric field threshold for leader propagation
(20 kV m�1).

N(d) number of branches at a distance d from the
triggering point.

d distance from the triggering point.
Lc characteristic length of the flash (m).

Lmoy average length of a grid mesh (m).
c fractal dimension of the flash.

rexcess threshold for branching and charge neutralization
(0.3 nC m�3).

rneut correction of charge for IC neutralization
(nC m�3).

N number of grid points reached by the lightning
flash.

s total surface area of hydrometeors.
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Defer, E., P. Blanchet, C. Théry, P. Laroche, J. E. Dye, M. Venticinque, and
K. L. Cummins (2001), Lightning activity for the July 10, 1996, storm
during the Stratosphere-Troposphere Experiment: Radiation, Aerosol,
and Ozone-A (STERAO-A) experiment, J. Geophys. Res., 106(D10),
10,151–10,172.

Gurevitch, A. V., G. M. Milikh, and R. Roussel-Dupré (1992), Runaway
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