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ABSTRACT

A series of ensemble simulations were performed to study the statistics of flash characteristics produced
by an electrification and lightning scheme in the cloud-resolving model Méso-NH. Here, the electrical
variability of two storms—one supercellular and one multicellular—results from a random triggering loca-
tion of the flashes and from a branching algorithm that describes the flash path. The study shows that the
electrical model is able to generate several estimates of the total flash number for an identical evolution of
the dynamics and microphysics of each storm in the 120 ensemble members. The variability of the flash
number spans over three standard deviations taken from the ensemble mean. The simulations produce
regularly shaped distributions of flash internal parameters (i.e., number of segments and branching levels
per flash). The ensemble simulation shows that the model is stable and self-regulatory as suggested by the
limited overshoot on the maximum electric field time series. An application to the production of nitrogen
oxides indicates that the two storms produce 200 = 150 mol of NO per flash on average.

1. Introduction

The simulation of lightning flash parameters (loca-
tion, frequency, length, polarity, peak current, etc.) is
undoubtedly a difficult task; even the origin of cloud
electrification (the inductive and noninductive charge
separation processes) is still not fully understood. Con-
sequently, the driving charging mechanisms are highly
parameterized, which leads to known uncertainties in
cloud electrification models as concluded by Helsdon et
al. (2001), Mansell et al. (2005), Altaratz et al. (2005),
and Barthe and Pinty (2007b). Concerning the lightning
flashes more precisely, it is even questionable whether
flash characteristics could be correctly resolved with a
pure deterministic algorithm. For instance, Mansell et
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al. (2002) showed that the seminal model of dielectric
breakdown of Niemeyer et al. (1984) is well suited to
simulating electrical discharges in the atmosphere, with
lightning channels segmented in a fractal structure with
branches. Dielectric breakdown models are based on
the step-by-step probabilistic growth of a structure that
propagates preferentially in cloudy regions of high
charge density. The extension of the structure from a
grid point on the channel is chosen randomly and ac-
cording to the local value of the electric field. This pic-
ture of flash growth was also adopted by Barthe et al.
(2005) and Barthe and Pinty (2007a), but after simpli-
fication for computational efficiency. In this model, the
lightning scheme is directly based on a fractal geometry
analog to generate the skeletal structure of the flashes.
In summary, a common ingredient of these recent light-
ning schemes is the probabilistic nature of their branch-
ing algorithm. This feature leads to an inherent vari-
ability of the flash characteristics, which have not been
evaluated so far.

Beyond the propagation of the flashes, another un-
certainty, which stems from discharge models, is the
undetermined location of the flash initiation. In the
model of Barthe and Pinty (2007a), lightning is initiated
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when the magnitude of the electric field at any grid
point of the cloud reaches a threshold value corre-
sponding to the breakeven electric field estimated by
Marshall et al. (1995) from electric field soundings.
Moreover, and as discussed by MacGorman et al.
(2001), an additional 10% reduction of the threshold
can be considered to approximate a subgrid-scale vari-
ability of the computed electric field. As a result, the
location of the flash triggering point is chosen at ran-
dom among the grid points that fall in the 10% range
below the breakeven threshold.

A simple way to generate statistics of lightning flash
variability is to investigate an ensemble simulation
technique pioneered by Houtekamer and Derome
(1995) for a Monte Carlo-like simulation of the impact
of random observational errors in a data assimilation
system. In the present study the ensemble members are
obtained in a very straightforward manner because they
only reflect the natural variability of the flash triggering
and branching algorithms. Therefore, in all the storm
simulations, the dynamics and the microphysics are not
perturbed because no feedback of the electrification
scheme is considered for the moment. Strictly imposing
the same dynamical and microphysical evolution on the
ensemble members also implies the same electrical
forcing through the noninductive charging process. This
is not the case however for the inductive process that
depends on the local amplitude and orientation of the
electric field, which may vary among the ensemble
members.

In this study, we analyze the results of two electrified
storms: one supercellular and one multicellular (Barthe
and Pinty 2007a,b), for which 120 simulations have
been performed with the mesoscale model Méso-NH,
here run at moderately high resolution. In section 2, we
briefly describe these two cases. The ensemble simula-
tion results are analyzed in sections 3 and 4. Some con-
clusions are drawn about the related consequences on
the uncertainties of the flash characteristics.

2. Case studies

Two different idealized storm cases were examined: a
supercellular storm and a multicellular storm. Details
about these two storms can be found in Barthe et al.
(2005) and Barthe and Pinty (2007a,b), but the initial-
ization of both storms is recalled in this section.

The model domain of the multicellular storm has
40 X 40 X 36 grid points with a horizontal spacing of 1
km, and a constant vertical resolution of 500 m. The
time step is 2 s and the duration of the simulation is 100
min. Convection is initiated by placing a warm bubble
(+2 K) of radius 10 km at 10 and 22.5 km from the west
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and north boundaries of the domain of simulation, re-
spectively. The vertical profiles of temperature and
moisture are taken from Weisman and Klemp (1984).
The initial wind profile of the first 5 km above the
ground is taken from a half-circle hodograph with an
arc radius, equal to 20 m s~ '. The wind keeps its east-
erly direction and its magnitude above 5 km. This mul-
ticellular storm will be referred to as WK84 in what
follows.

The simulation of the supercellular storm lasted 80
min, and the domain was 40 km X 40 km X 30 grid
points with a resolution of 1 km on the horizontal scale
and 500 m on the vertical. Convection was initiated by
a warm bubble located in the planetary boundary layer,
in the southwestern corner of the domain. The initial
sounding came from Klemp and Wilhelmson (1978).
The idealized hodograph was characterized by a verti-
cal shear with a low-level veering wind and an upper-
level wind constant in speed and direction (southwest-
ern flow). This supercellular storm will be referred to as
KW?78 hereafter.

For both storms, 120 simulations were performed
with the same model and the same initial conditions.
The variability in the results comes from the stochastic
character of the lightning flash scheme, which only al-
tered the electrical state of each simulated storm.

These two storms had very different electrical char-
acteristics. The cloud top of the supercellular storm
reached only 8-9 km, and the maximum vertical veloc-
ity did not exceed 18 ms~'. This storm exhibited an
inverted electrical structure with a negative layer of
charge above a positive layer. The multicell electrical
structure was a tripole (positive, negative, positive
stacked structure), and the cloud top and the maximum
vertical velocity were 14 km high and 56 m s~ ' respec-
tively. Therefore, it is interesting to examine the flash
statistics of these contrasted storm simulations.

3. Model configuration

The model has explicit microphysics with prediction
of the mixing ratio of two liquid and three ice categories
of condensate (Barthe et al. 2005). The electric charges
are carried by each type of hydrometeor. Inductive and
noninductive mechanisms are both considered. The Ta-
kahashi (1978) noninductive charge separation param-
eterization is used in all the simulations. The electrical
scheme produces both intracloud (IC) and cloud-to-
ground (CG) flashes with details given in Barthe and
Pinty (2007a).

We reiterate here that the dynamics and the micro-
physical aspects of the simulations are identical in each
storm case. The variability of the ensemble simulation

Unauthenticated | Downloaded 02/23/23 10:17 AM UTC



382

(a) Total number of flashes per simulation
20

MONTHLY WEATHER REVIEW

VOLUME 136

(b) Number of CG flashes per simulation

(c) Number of segments per flash

20

A Q. x P F P P &
W S TX_ NG BL R QLS
2 "5 e i

P R DR G 3
R, B, 7 9
YR Y R

(d) Branching level per flash

5000

4500 =

4000 |- .

3500 o

3000 -

2500

2000 H

1500 H

1000 H

0 MlLLLL L 1 T Tl Lill

10000
9000 |- i
8000 |- i
7000 | i
6000 |- .
5000 |- A
4000 R
3000
2000 [

0 ‘l ‘l I| “ |
o &

1000 -

Q. S 7 7 Gy o Fy Ta O I &
L c@b C&z qh;a%i;e%ip Q%; qu qu @QY q%;542yqézs QZS
% Yo % Vo % o % B % Yo % %

‘lIIIIIIiLLLLLL
s v < £

0

F1G. 1. (a) Histogram of the total number of lightning flashes per simulation and (b) of the number of CG flashes
per simulation, (c) distribution of the number of segments per flash, and (d) histogram of the branching level per
flash for the WK84 ensemble experiment. Statistics were obtained using 120 simulations for (a) and (b), and with
78 929 lightning flashes for (c) and (d). The horizontal axis corresponds to the classes defined for each histogram.
The vertical axis shows the number of events for a given class. The —1 branching level in (d) highlights the

unbranched flash case.

is the result of the probabilistic treatment of the flash
triggering and propagation.

4. Simulated lightning flash statistics

a. Multicellular storm

Figure 1la shows the histogram of the number of
flashes per simulation. The total number of flash
ranged between 590 and 740 with a mean value of 658
flashes per simulation. The uncertainty was 23% and
the standard deviation was 32 flashes. Nearly 90% of

the simulations produced a total number of flashes be-
tween 600 and 699. A larger variability was observed
for the number of CG flashes (Fig. 1b). The number of
CG flashes per simulation was in the range of 6-35 with
a mean value of 20. Note that 90% of the simulations
had a quasi-uniformly distributed number of CG
flashes between 14 and 29 (Fig. 1b). However, although
the variability of the CG number per simulation was
high, their proportion, between 1% and 5% of the total
flash number, was low.

A large variability was found for the number of seg-
ments forming the individual lightning flashes (Fig. 1c).
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TABLE 1. Summary of the mean value (M) and standard devia-
tion (o) for each set of simulations. WK84 refers to the multicel-
lular storm from Weisman and Klemp (1984) and KW78 refers to
the supercellular storm from Klemp and Wilhelmson (1978).

WK84 KWwW78
M o M o
Tot No. of flashes per 658 32 358 16
simulation
No. of CG flashes per 20 5 32 5
simulation
CG/IC ratio (X1072) 32 0.8 9.7 1.6
Branching level per flash 10.1 4.4 7.4 2.3
No. of segments per flash 177 107 113 55
Triggering electric field for 108.8 11.5 121.2 7.0
CG (kVm™)
Triggering electric field for 95.3 16.0 117.4 8.5
IC (kVm™)
Triggering altitude for 5745 801 4715 336
CG (m)
Triggering altitude for 7173 1344 5033 441
IC (m)

The number of segments per flash varied between 3 and
650 with a mean value of 113 (the total flash length was
estimated as the number of segments times the cube
root of the model gridcell volume). The simulated
flash length distribution was consistent with observa-
tions taken from the Office National d’Etudes et de
Recherches Aérospatiales (ONERA) interferometer
operating during the 10 July Stratosphere-Tropo-
sphere Experiment: Radiation, Aerosols, and Ozone
(STERAO) storm. For instance, Defer et al. (2003)
showed that the total flash length of individual flashes
lays between 0.02 and 494 km with a mean value of 19
km. Figure lc also shows that a large proportion of
flashes had between 10 and 29 segments (close to 8-25
km in length). These “shorter” flashes are consecutive
to highly branched intracloud flashes with many seg-
ments that instantaneously neutralize a large amount of
charge. Defer et al. (2003) have observed “short dura-
tion flashes” during the STERAO field campaign, but
there is still debate about the realism and the physics of
these observed discharges.

A histogram of flash branching level is presented in
Fig. 1d. The branching level is an indicator of the flash
horizontal extension. By definition, a branching level of
rank O corresponds to the bidirectional leader. A
branching level of rank 1 labels the branches directly
linked to the bidirectional leader, then branches of rank
2 are those linked to branches of rank 1, and so on. We
refer to Barthe et al. (2005) and Barthe and Pinty
(2007a) for the details of the branching algorithm. Fig-
ure 1d shows that the branching level per flash peaked
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between 11 and 12, which means that flashes were
densely branched, even at the moderate resolution of
the model. It can be seen that the ensemble of 120
simulations produced 2300 unbranched flashes with a
single bidirectional leader (here plotted with —1
branching level to show them up). These flashes were
followed by 2200 poorly branched flashes of rank 1,
which propagated over a short distance in residual elec-
tric charge pockets.

Additional results of the ensemble simulation are
summarized in Table 1. The lightning triggering height
analysis showed that the CG flashes were initiated at
lower altitude (5745 = 801 m) than the IC flashes
(7173 = 1344 m). This partially explains why more IC
flashes are triggered, because the exponential decrease
of the breakeven electric field with altitude (Marshall et
al. 1995) leads to a lower threshold for the IC flashes
(953 = 16.0 kV m™ ') compared with that of the CG
flashes (108.8 = 11.5 kV m ™).

b. Supercellular storm

Results obtained for the supercellular storm were
comparable to those of the multicellular storm. For the
KW?78 simulations, the total flash number per simula-
tion was in the range of 320-390 with a mean value of
358 = 16 (see Table 1). The proportion of CG flashes
was higher (32 = 5). Also, as noted by Barthe and Pinty
(2007b), the multicellular storm presents a tripolar
structure, while the supercellular storm is an inverted
dipole. Therefore, the flashes in the multicell storm are
triggered either between the upper positive charge and
the central negative charge or between the negative
charge and the positive charge at lower level. This ex-
plains why the standard deviation of the IC flash trig-
gering altitude was 3 times that found for the supercell
storm (1344 m against 441 m in Table 1). Another dif-
ference between the two storms concerns the distribu-
tion of the number of segments per flash (cf. Figs. 1c
and 2c). The supercellular storm did not produce the
short flash category that showed up in the multicellular
case. This difference can be interpreted by considering
two arguments. First, the cloud structure of these two
storms is very different. The multicellular storm is more
horizontally and vertically extended, thus the interface
between two regions of opposite charge is larger. The
higher charge densities are concentrated around the
convective core. So, even if the electric field is locally
higher than the propagation threshold, the relatively
low charge density in this region cannot sustain the
propagation of a highly branched flash. Second, as the
supercellular storm is less vigorous, the cloud top was
lower so a higher electric field was needed to trigger a
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Fi1G. 2. Same as in Fig. 1, but for the KW78 (black bars and solid line) and for the KW78 without inductive
charging processes (gray bars and dotted line) ensemble experiments. (c), (d) Statistics were done with 42 962
(KW78 case) and 41 187 (KW78wol case) flashes for the plots.

flash. It means that the charge density is quite high, and
the lightning flash can propagate far from the initiation
point.

c. Impact of the inductive process

The impact of the inductive process was also exam-
ined using two series of 120 simulations of the same
supercellular storm. The series differed by including or
excluding the inductive charging process. Very few dif-
ferences were related to the intrinsic flash characteris-
tics (number of segments and branching level distribu-
tions). However, the simulations taking into account
the inductive charging mechanism tended to produce

more flashes (total number and CG; Mansell et al.
2005). This can be related to the simulated shift of the
triggering altitude toward the lower altitudes.

5. Electric field limitation

The temporal evolution of the electric field peak
value is shown in Fig. 3 for the series of 120 simulations.
The electric field is a good indicator of the lightning
flash scheme efficiency because neutralizing the
charges reduces the total charge density and so limits
the growth of the electric field. Figure 3 shows that the
lightning scheme was efficient all throughout the dura-
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F1G. 3. Temporal evolution of the maximum electric field for the (top) WK84 and (bottom) KW78
experiments. The black line represents the maximum electric field averaged over the 120 simulations.

tion of the storm. A variation of the maximum elec-
tric field, up to 40%, was observed during the mature
stage of the KW78 simulations. The lightning flash
activity ceased after 5100 s in any case. This produced
a remarkable convergence of the maximum electric
field magnitude at the end of the KW78 simulations.
Less variability (~25%) was observed for the WK84
simulations for which a residual electrical activity per-
sisted.

The electric field variability was higher in the KW78
case compared with the WK84 case, as explained by
the different vertical extent of these two storms. The
KW78 storm was a supercell storm with a maximum
vertical velocity of 18 ms™' and a cloud-top height
reaching 9 km in the mature stage. The multicellular
storm WK84 was stronger, with a cloud-top height
around 14-km altitude and a maximum updraft ve-
locity exceeding 50 ms~'. Consequently, the param-
eterized noninductive charge separation process was
more active at the elevated —20°C isotherm level
(WK84 storm case) than the —10°C isotherm level of
the KW78 storm case. As a charge region at lower al-
titude implies a higher breakeven electric field and also
because fewer flashes are triggered, the KW78 en-
semble simulation presented a higher variability of the
electric field.

6. Impact on lightning-produced NO, flux

Lightning flashes provide a major contribution to the
nitrogen oxide (NO,) budget. This has been recognized
despite the large uncertainty attached to this source,
hereafter referred to as the LNO, source (Lee et al.
1997). Lightning flashes are efficient because LNO; is
emitted in the mid—upper troposphere where its life-
time is longer and where it is directly available for
ozone production. Here, the aim is to evaluate the
LNO, production rate uncertainty due to the probabi-
listic treatment of the lightning flashes in Méso-NH.

Figure 4 shows the temporal evolution of the NO,
(LNO,) flux through the anvil for the two series of 120
simulations [see Barthe et al. (2007) for the computa-
tion of the flux]. In the WK&84 case, the LNO, fluxes
progressively diverged from the ensemble mean value
after 3000 s of simulation, so 15 min after initiation of
the first flash. At the end of the simulations, the LNO,
flux through the anvil was 4 X 1077 = 0.5 X 10”7 mol
m~? s~!, which means an overall variability of 25%.
Concerning the KW78 set of simulations, the same flux
peaked at 1 X 107 = 0.5 X 0~ mol m ?s~ ! at the end
of the simulation. Here, the lower LNO, variability
(10%) was probably linked to the lower variability of
the flash number and flash length in the KW78 simula-
tions.
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FiG. 4. Temporal evolution of the lightning-produced NO, mass flux through the anvil for the (top)
WK84 and (bottom) KW78 experiments. The black curve represents the LNO, mass flux averaged over

the 120 simulations.

The model calculates the number of NO moles pro-
duced per flash using the equation of Wang et al.
(1998), which depends on the length of the flash seg-
ment and on the local air pressure. In the following bulk
analysis, we consider the air pressure at the mean flash
triggering altitude (~400 hPa for WK84 and ~500 hPa
for KW78). For the WK84 ensemble case, a total flash
length of 14 X 10° m and a total flash number of 78 929
for the 120 simulations yield an estimate of 250 * 142
mol of NO per flash. The range of NO moles per flash
is large, between 20 and 850 mol. The upper bound
corresponds to a very long flash with more than 600
segments and that has a marginal occurrence according
to Fig. 1c. In the case of the KW78 simulations, a total
flash length of 4.84 X 10° m and a total flash number of
42 962 were obtained so the estimated LNO, produc-
tion is 185 = 90 mol of NO per flash. The range is
between 3 and 490 mol of NO. A value of 3 mol of NO
per flash is associated with very short flashes (less than
2 km), which are clearly not very efficient at producing
NO. Therefore a gross estimate of the LNO, efficiency
per flash is around 200 = 150 mol of NO, based on the
lightning flash length approach of Wang et al. (1998).
This value is consistent with observations from differ-
ent field campaigns and simulated severe storms
(Huntrieser et al. 1998; Skamarock et al. 2003; Fehr et

al. 2004; DeCaria et al. 2005; Barthe et al. 2007; Ott et
al. 2007).

7. Conclusions

An ensemble simulation of two storms has been per-
formed with a three-dimensional model of cloud elec-
trification. The variability of the simulated electrical
properties comes from the lightning scheme where
probabilistic aspects are introduced, first to catch the
poorly determined location where flashes are triggered,
and second to describe the branched structure of the
flashes.

The results show that a significant variability of the
electrical activity of the two storms (a tripole and an
inverted dipole) can be generated while keeping the
same dynamical and microphysical framework. Run-
ning with the same cloud environment is important to
separate an equal amount of electric charge in this en-
semble simulation study. The resulting distribution of
the total flash number is bounded and spreads over
three standard deviations approximately. The standard
deviation of the total flash number roughly represents
5% of the ensemble mean value (several hundreds of
flashes). A variable number of flash is at the origin of a
variability of the electric field. However, the spread of
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this variability is internally regulated by the electrical
scheme itself because no unrealistic growth of charge
density, electric field, or flash rate was noted in any
simulation. Finally, the ensemble simulation was ap-
plied to estimate the uncertainty of the LNO, produc-
tion rate. The two storms typically produced 250 * 142
and 185 = 90 mol of NO per flash.

The ensemble simulation shows an interesting poten-
tial to point out the consequences of some unavoidable
random aspects of the physics of the lightning. The next
step is to include little flash variability in cloud-
resolving models and in the parameterization of cloud
electrical properties for mesoscale and global models to
obtain a better estimate of the total flash count and
LNO, emission. Finally, it would be interesting to con-
firm and to extend these simulation results by compar-
ing them with statistics produced by observed flashes
with a high-resolution lightning mapping detector (Kreh-
biel et al. 2000).
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