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Abstract. The production of NO has been studied by means of arc discharges in
the laboratory which simulate natural lightning in current waveform and amplitude
(~ 30kA). Observations are compared to the results of a computational model

that includes the dynamics of energy deposition and channel expansion, combined
with the Zel’dovich equations to model the relevant chemical reactions. Results are
expressed as NO produced per meter of arc length, and are measured as functions
of dissipated energy and of peak current. It is found that at atmospheric pressure,
the NO production per joule of dissipated energy is not constant. NO production
per meter discharge length as a function of peak current appears to provide a more
appropriate scaling factor for estimates of total global NO production. Production of
NO; was less than 10% of the production of NO, and by implication the production
of O3 less still. From these data, and using published estimates of global lightning
frequency, we derive an estimate of global NO production of 2.5 Tg(N)/yr for 30

flashes per second to 8.3 Tg(N)/yr for 100 flashes per second.

1. Introduction

Nitric oxide plays an important role in atmospheric
photochemistry and in global biogeochemical cycles and
hence is an essential part of the determination of
global climate [Crutzen, 1973; Price et al, 1997]. In
1857 von Liebig suggested that lightning could fix
atmospheric nitrogen that eventually was washed from
the atmosphere as nitrate in rainwater. In more recent
times, Nozon [1976] measured the NOy below a thun-
derstorm and found more fixed nitrogen than in the
surroundings. Estimates of the rate of NO production
vary widely [e.g., Lawrence et al., 1995]. Theoretical
estimates have been determined; field and laboratory
experiments have been performed.

Measurements of NO production in controlled
laboratory conditions are important for an understand-
ing of the physical and chemical processes involved.
Issues that need to be investigated include whether
heating in the expanding shock wave is sufficient to
produce significant NO [Tuck, 1976, or whether it is
produced mostly in the central current-carrying chan-
nel, which we refer to as the “core” [Hill, 1979; Hill et
al., 1980], or in the surrounding corona sheath. Also,
what determines the amount of NO that remains in the
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atmosphere? The usual way of looking at this is to
consider a rapid initial heating to a high temperature
(e.g., 20,000K) followed by rapid cooling [Zel’dovich
and Raizer, 1966]. At temperatures above about 2500 K
the chemical reaction rates for producing and destroy-
ing NO are sufficiently rapid that the NO density is the
equilibrium value for the instantaneous temperature.
As the temperature rapidly drops below this value, the
reaction rates become so small that the NO destruction
processes cannot keep up with the falling temperature
and the density of NO is “frozen” at the higher temper-
ature [e.g., Chameides et al., 1977]. Details of the spe-
cific physical processes involved are poorly understood.
For example, is the limiting balance of production and
decay determined by the heating rate, hydrodynamic
expansion, turbulence, instability, molecular thermal
loss processes, or something else? Additional questions
on relating the amount of NO produced to simple scal-
ing laws need to be answered if global estimates on NO
production are to be simply made.

A widely used figure of merit is the amount of NO
produced per joule of energy. It is usually assumed that
this figure of merit is a constant. Since the production
rate depends on the local and instantaneous thermal
and flow parameters, a more complete understanding
of how energy is dissipated is necessary to validate the
use of such a figure of merit to make estimates of global
NO production by lightning. Because of the complexity
of the phenomena involved, these questions cannot now
be simply answered by observations of natural light-
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ning. Recent laboratory experiments [Stark et al., 1996]
have investigated some of these questions. In particular
they found that shock heating is ineffective for produc-
ing NO,, implying that all production is from the core
behind the shock. They also claimed to have directly
measured the freeze-out mixing ratio.

We studied the production of NO in laboratory dis-
charges designed to simulate the physics and chemistry
occurring in natural lightning. This means making arc
discharges in air, having current profiles that have time
history and amplitude as similar as possible to those of
natural lightning. The results reported here represent a
compromise between achieving short risetimes and high
current with the apparatus available. Discharges are
made in a closed chamber, in which the pressure may
be varied to simulate atmospheric conditions from sea
level up to 8 km. The amplitude of the current was also
varied from 5 to 30kA. In this experiment, peak current
occurs at 30 us. In natural lightning the time to peak
varies widely, with a mean time to peak of 5us [Price
et al., 1997).

In addition, we have modified a numerical model pre-
viously reported by Goldenbaum and Dickerson [1993]
and compare experimental results with the model. The
model contains the time- and space-dependent physics
of energy deposition, the subsequent dynamics asso-
ciated with the expansion and shock wave of the arc
channel, and the chemistry of the Zel’dovich reactions
responsible for formation of NO. Our intention is to
develop an understanding of the processes involved by
comparing model results initially with the laboratory
experiment and eventually with natural lightning. The
present results represent our attempt at defining use-
ful operational parameters for future detailed measure-
ments.

voltage pickup
sparkgap
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2. Experiment

The arcs simulating natural lightning are struck
between 5cm diameter hemispherical electrodes in a
cylindrical stainless steel chamber measuring 1m in
length and 1m in diameter, fitted with 66cm long
by 45cm diameter coaxial extensions (Figure 1). The
electrodes protrude in from the ends and are tipped
with Elkonite, a copper-tungsten sinter having excel-
lent spark erosion resistance.

In natural lightning a low-current leader ionizes a
small channel that the main current stroke follows. Sim-
ilarly in the experiment, a short (submicrosecond) volt-
age pulse from a 250 kV Marx high-voltage generator
produces the leader (Figure 2). This pulse can form an
arc up to 20 cm in length in 1atm pressure air. The
main high-current discharge, having peak current up to
30kA, is supplied by a capacitor bank having capac-
itance C = 1035 pF (the “main bank”), charged to
5-10kV. This bank is isolated from the Marx generator
by a spark gap switch. It is necessary to isolate this low-
voltage bank from the Marx generator to avoid short-
circuiting the high-voltage pulse into the low impedance
of the main bank. The isolating switch is filled with SFg,
pressurized to about 2atm. It is fired after the leader
discharge, and it closes about 80 us after the leader dis-
charge, sending the main current pulse into the channel
formed by the leader. Considerable recombination of
the leader channel occurs during this interval, so the
gap must be made smaller than 20cm if the main bank
is to discharge. At full atmospheric pressure the arc gap
must be set to 4cm or less in order for the main bank
discharge to take place. At lower pressures the gap may
be larger.

loop
switch .
Air
Y
vent
current flowmeter
pickup \
loop spark
je——1 m—>]

Main Bank Marx Generator
1035 uF 200 kv
0.3 nF (erected)

Figure 1.

Schematic of experiment. Spark occurs between a high-voltage electrode and a

grounded electrode in the center of the chamber. The NO detector samples a small fraction of
the gas stream as it is pumped out of the chamber, while ambient air enters through the vent.
The energy storage capacitor is rated at 18 kV, but used at less than 10kV.
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Figure 2. Current waveform. The spike at ¢ = O represents the Marx discharge.

The inductance of the main bank and associated
cables that conduct current to the electrodes is L =
2.6 uH. In addition to the pressurized switch, the main

bank has a 0.37 (Q resistor, R, in series, whlch gives the
desired risetimes and decay times to simulate natural
lightning. The risetime is determined roughly by L/R,
and the decay time by RC. With this resistor the cur-
rent rises to a peak in about 30 us, and decays over
about 400 us (Figure 2). The impedance of the spark is
sufficiently small compared to the external impedance
that the waveform is almost independent of charge volt-
age, gap length, or ambient pressure.

3. Diagnostics

The voltage across the arc gap is measured by means
of a resistive voltage divider, and the current derivative
is measured with a pickup loop (Figure 1). The pulsed
voltage V (t) measured by the divider is the sum of an
inductive part LdI/dt and the resistive part I R,, which
is responsible for energy deposition in the channel. Net
energy input as a function of time is given by

Ut) = /0 V1@t (1)

Substituting for V' the inductive and resistive contri-
butions, we have

Ut) = /0 P2(¢) Ra(¢')dt’ — g / I %I—,dt' @)

When the integration extends to infinity, the last
term is automatically zero, since the current is zero at
both limits, and we find that the net resistive energy
deposition into the spark is given simply by the integral
of (1), taken with the upper limit infinity. In practice,
the experimentally observed signals are integrated until
the inductive term is no more than 1% of the resistive
term.

We have photographed the arc using two instru-
ments. A rotating mirror streak camera with
Polaroid™ type 667 film was used to record the
expansion of the channel in visible light. For this mea-

surement the center of the arc was imaged onto a nar-
row slit oriented at a right angle to the arc axis. Light
passing through this slit was swept by a rotating mirror
and reimaged onto the photographic film, producing a
light image for which one dimension is radius and the
other time. From such an image, one may determine
the growth of the channel radius. Second, the structure
of the discharge was photographed at several times after
initiation of the main discharge with a short-exposure
(e.g., 5ns) electronic camera having an S20 spectral
response (~ 380 nm-700 nm).

Following each discharge, the air in the chamber
is exhausted by a pump. A mass flow meter mea-
sures dm/dt, the rate at which mass is discharged, and
a chemiluminescent NO analyzer samples the gas to
determine the mixing ratios f(NO) and f(NOy). The
mass flow rate and mixing ratio are recorded until the
fraction of NO falls to < 1% of its maximum. The total
mass of NO produced in the arc is then computed from

mNO = / f@dt (3)

To calibrate the detector, a bottle containing
1.32 +0.012 ppm of NO in Ng was prepared and cali-
brated by the National Institute of Standards and Tech-
nology (NIST). The detector was then checked against
this calibrated mix. The flow meter accuracy is es-
timated to be +2%. The largest source of error in
determination of NO content is in precision of the NO
measurement, estimated to be £ 5-10%.

4. Simulation

The numerical model integrates the hydrodynamic
and chemical reaction rate equations (see Goldenbaum
and Dickerson [1993] and references therein). That
paper assumed an instantaneous energy deposition in
a cylindrical core. The model used here assumes that
energy is deposited by Ohmic heating arising from a
current that reaches a peak value of typically 5 to
30kA in 30 us and decays with a decay time constant of
about 400 ps. The model used for conductivity includes
a combination of elastic and ionizing electron-neutral
and collective electron-ion collisions [Braginskii, 1965].
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For this purpose the column is divided into cylindrical
annuli, with the conductivity in each annulus being
determined by the local temperature and density. The
specific energy rate equation then contains a source
term 0 F?/p, where p is the mass density, o the con-
ductivity, and E the electric field. The electric field is
determined by estimating the admittance for the entire
column as a summation over all annuli and assuming
Ohm’s law,

I(t)

S oom(r? —r2 |
L4 T\ 1—1

B(t) = - @
/

Energy losses include radiative and ionization losses.
The radiative losses are treated in an approximate man-
ner using a combination of atomic spectral line and
bremsstrahlung continuum radiation. For the early
time results reported here the radiation losses did not

'T‘hp PQ]PIIIQ“'II\“ acQinmeq l"{\]-

appear to be imnortant
1€ calicuiatlon assumes

ppear to be important.
lisions are sufficiently frequent that all species have
the same temperature and that energy is equilibrated
among the vibrational, rotational, and translational
degrees of freedom. The calculation is intended to
model the main discharge, that is, the return stroke.
As such, it starts with assumed parameters in a cylin-
drical core meant to represent the conditions after the
Marx discharge, that is, the leader. These conditions
in natural lightning as well as this experiment are not
well understood at this time. It is found that the
parameter that most affects the outcome is the initial
core radius. At the present time we only know the core
size as observed in visible light, while the relevant size
is the diameter of the current channel. In addition,
the model cannot account for instabilities or turbulence
that have been observed in other experiments late in
the discharge [Picone et al., 1981].

5. Experimental Results

We have measured both the NO and NO, content
of the air after a discharge with a chemiluminescent
detector, having a 375° Mo converter calibrated with
gas-phase titration [e.g., Dickerson et al., 1995].
found that in all cases the NO, fraction is only about
5-10% greater than the NO fraction. On a given shot,
over 95% of the stored energy in the main capacitor
bank is dissipated in the external 0.37 2 resistor, and
only a small fraction is actually dissipated in the air
spark. In natural lightning cloud, undisturbed air and
ground resistance also dissipate energy. It is not possi-
ble at this time to unequivocally determine the fraction
of stored energy that is dissipated in natural lightning.
For this reason we plot in Figure 3 the NO produc-
tion as a function of the energy dissipated in the spark,
as given by (1) above. As has been observed elsewhere,
the amount of NO produced increases with energy. This
could be due to several effects, including higher temper-
ature, an increase in turbulence, or an increase in spark
diameter. The results of the measurements of NO per

WANG ET AL.: NOx FORMATION BY SIMULATED LIGHTNING:

)

\
J

NO Produced (10* NO/m
N
T

0 5 10
Energy (kd/m)

Figure 3. NO production as a function of dissipated
energy in a spark, normalized to 1 m spark length. The
solid line is a linear least squares fit to the data. The
dotted line is a quadratic representation derived from

fits in Figures 4 and 5.

meter versus dissipated energy per meter displayed in
Figure 3 are quite scattered. A linear least squares fit
to these data gives

nNO(VV) =a+ bW, (5)

where a = —0.94+0.35, b = 0.46+0.06, with W in kJ/m
and nyo in units of 102! NO/m. The correlation coef-
ficient 72 = 0.59, which reflects the poor correlation of
the fitted curve with the data. The standard deviation
of individual shot data from regression is & 0.48 x 10!
NO/m.

Although the scatter in the data of Figure 3 do not
justify making a quadratic fit in (5), we find using the
same data set that there is a reasonably good correla-
tion between the amount of NO/m produced and the
peak current. Figure 4 shows this relation, along with
the least squares quadratic fit .

nno(I) = a+ bl + cI?, (6)

where I represents peak current amplitude, a = 0.14 +
0.33, b= 0.026 £ 0.036, and ¢ = 0.0025 =+ 0.0009. The
multiple correlation coefficient 72 = 0.89, and the stan-
dard deviation from regression is 0.25 x 102! NO/m.
From the same data set, the relation between peak
current and dissipated energy also shows relatively little
scatter (Figure 5), and may be fit reasonably well by the
relation
W(I)=a+bl, (7

where W is in kJ/m, [ is again kA, and a = 2.31+0.41,
b= 0.17£0.02, 72 = 0.72, and the standard deviation
is 0.74 kJ/m. The true relation W(I) must go to zero
as I goes to zero, but in the range for which we have
data, a linear fit is adequate. Since both the fits of (6)

and (7) have relatively high confidence levels, they may
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Figure 4. NO production normalized to 1 m spark

length, as a function of maximum current in the spark,
at 1atm pressure, T = 20° C.

be combined to give a quadratic relation that improves
on (5) and which represents our best approximation to
the data of Figure 3:

nno (W) = a+ bW + cW?, (8)
where a = 0.251 £ 0.65, b = —0.245 £ 0.29, and
¢ = 0.0857 £ 0.038. This quadratic approximation is
included in Figure 3 as a dotted line.

Using fast-exposure (5 ns) photography, we have seen
that on some shots the arc is a single channel, while oc-
casionally (approximately one shot in 10) a forked or
double channel forms. Consequently, some of the varia-
tion in the data may be due to the occasional occurrence
of such anomalous discharges.

The production rate has also been measured as a
function of the air pressure at constant initial temper-
ature (293 K), from 10° Pa down to about 3 x 10" Pa.

Energy (kd/m)

0 L . L

0 10 20 30
Peak current (kA)

Figure 5. Energy dissipated as a function of peak
current for the same data set in Figures 4 and 3.
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Figure 6.  Variation of NO production per meter

with initial air pressure in chamber (gap 3.2cm, peak
current 19kA).

This corresponds to varying density from ground level
to about 8 km. For this measurement the chamber was
pumped down to the desired pressure, the discharge
was fired, and then the chamber was filled with air and
the NO measurement was made as previously discussed.
Results are shown in Figure 6 for a peak current of 19
kA. Over this range of pressures the mass of NO pro-
duced is practically linearly proportional to the initial
laboratory air pressure. With p in pascals (latm =
1.01 x 10° Pa) and nno in 102! molecules per meter,

9

nno(p) = a + bp,

where a =0.34 +0.18, b = 1.30 + 0.23, and 72 = 0.67.
We are concerned about the possibility of end

effects near the electrodes contributing significantly to

the measured resistance. The electric sheath at the ends

NO Produced (10")

0 L 1 L 1 . 1 N
0 2 4 6 8
Length (cm)

Figure 7. Sensitivity of NO production to length of
spark gap, at a pressure of 342 mbar and peak current
19kA.
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is expected to have a thickness of the order of the Debye
length [Chen, 1984], which for our conditions is less than
1 pm, and should therefore have little effect. Also, the
voltage drop across the sheath should be no more than
a few kT/e, which is only about 1% of the net resistive
drop. The effect of thermal conduction is to cool the
plasma in the vicinity of the electrodes. This process
is described by a diffusion equation, in which the scale
length for the temperature gradient is proportional to
the square root of the time over which diffusion occurs.
Inserting appropriate parameters for the thermal con-
ductivity of a plasma at 10,000 K [Spitzer, 1967], at the
initial atmospheric density, one finds that the gradient
scale length is about 0.15mm after 10 us, and about
0.5 mm after 100 us. The scale length has only a very
weak dependence on assumed density, and varies as the
5/4 power of temperature. We conclude that thermal
conduction cooling to the electrodes may be neglected.
Sputtering of electrode material into the arc is a possi-
bility, which we minimize through use of low-sputtering
materials.

An experimental approach to determination of the
influence of end effects is to change the arc length,
holding all other parameters constant, and to measure
NO production. We have done this at a pressure of
0.34 x 10° Pa, for which successful discharges may be
made with electrode spacing up to 6 cm. Figure 7 shows
the NO production for several electrode spacings. The
production of NO tends to a value only slightly greater
than zero as the gap length tends to zero, suggesting
that there is some end influence that tends to increase
NO production in the vicinity of the electrodes. Correc-
tion for the amount of additional NO produced seems
unwarranted when compared to the shot-to-shot vari-
ability.

WANG ET AL.: NOx FORMATION BY SIMULATED LIGHTNING:

6. Simulation Results

The simulation has been compared with the exper-
iment for a variety of conditions. The simulation has
been run using the measured current waveform in the
experiment with different leader core parameters. It
should be emphasized that the simulation is only
capable of describing the early time dynamics phase.
Because the simulation is one dimensional it will not
properly simulate long-term effects such as turbulent
heating or cooling. For a fixed core radius there is little
dependence of amount of NO produced on the initial
densities of the minor constituents (electrons, NO, N,
and O). The amount of NO produced depends mainly
on the initial radius of the core, that is, the region of ele-
vated temperature (taken to be 500 K) and electron den-
sity (typically 101 to 10’ cm™3) in which the current is
initially largest. For a radius of 1.0cm and 20kA peak
current the simulation predicts about nyo =~ 1 % 102!
molecules/m, which is approximately what the experi-
ment gives.

In the experiment the amount of NO increases with
peak current. This is not reproduced in the simula-
tion, if the initial core radius is maintained constant.
The only experimental measurement of the initial core
radius is by visible light photography, which shows an
initial radius of about 0.5c¢m. Until further measure-
ments more completely specify the initial conditions,
the computed amount of NO will remain uncertain. On
the other hand, the present simulation can be a guide
to the time sequence of events during the early energy
deposition phase which are qualitatively the same for a
variety of reasonable initial conditions.

The time dependence of the total number of NO
molecules produced shows a rise to a saturation value.

20 T

log Den(cm™)
o
|

0 . . . . ! s

0.5 1.0

R(cm)

Figure 8. Simulation code result at 14 us for a 20kA discharge. Shown are radial plots of the
log of the density (in cm™3) for different chemical species: short-dashed curve, No; long-dashed
curve, Og; dash-dotted curve, N; dash-tripple-dot curve, O; and solid curve, NO.
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In the simulations the time to reach saturation depends
on current amplitude for a fixed core radius. In Fig-
ure 8 we show the radial dependence of the densities
of N3, O2, NO, N, and O and in Figures 9 and 10 we
show the temperature, pressure, and mass density at
one particular time in a 20kA discharge. This is typi-
cal of all times after the total amount of NO produced
has become approximately constant. In Figure 8 the
shock front is at » = 1.75cm and the outer edge of the
core is at r = 1.32cm. It is clear in the simulation
that most of the NO is produced in the core region far
behind the shock wave. This is because only in this
region is the temperature sufficiently high for a signif-
icantly high reaction rate. Notice that at » = 1.0cm
the Ny and O3 densities are less than 10% of their am-
bient values. The fact that the temperature is highest
in the low-density, evacuated core is consistent with the
previous simulations of Plooster [1971] and Pazton et
al. [1986]. Looking at the radial plots in Figure 8,
we can understand the sequence of events in produc-
ing NO. As the shock wave moves into the ambient air
(300K), a small amount of heating occurs, producing
an order of magnitude increase in NO at the expense
of N. Some of the rise in NO density is due to chemical
reactions and some is due to compression. At smaller
radii the temperature rises significantly due to Ohmic
heating in the evacuated low-density region (Figure 9).
At this point a large increase in the NO density occurs
in a narrow region. (The thickness of this transition
may be greater due to turbulence and viscous effects not
included in the model.) At the same time as the core
is expanding, resulting in a drop in density, dissocia-
tion of Oy and Ny occurs. The reduction in Oz and Na
results in a lower reaction rate for the reactions pro-
ducing NO. Since expansion lowers all the densities,
both the forward and backward reaction rates will be af-
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fected. Expansion also has an effect on the temperature
because the dissipated energy is shared by fewer parti-
cles. However, the heating rate is complicated by the
dependence of conductivity on both temperature and
density, leading to a nonlinear dependence of the tem-
perature on the density decrease.

In an effort to separate the hydrodynamics from the
chemistry we ran the code with the Ohmic heating but
with the dynamics turned off, resulting in spatial unifor-
mity of all quantities. The time variation of the various
quantities is shown in Figure 11. It is apparent that at
early times (< 1.1 ps) NO is produced by the reaction

N+ Oy — NO + O. (10)

As the concentration of O increases, at some point NO
production is enhanced by the other Zel'dovich reaction

(11)

The NO concentration is rapidly increased until at
about 2.5 ps, dissociation decreases the Oy concentra-
tion, thereby effectively shutting off the first reaction
and decreasing the NO production rate. In the simula-
tions with hydrodynamics included, expansion reduces
the Og concentration faster than dissociation and is thus
the limiting factor. It should also be noted that during
hydrodynamic expansion the overall density decreases
while the dissipation continues depositing energy into
fewer particles, resulting in higher temperatures than
in the constant density simulation.

Another factor arising from the full simulation as well
as the partial simulation, which complicates the inter-

O+ Ny — NO +N.

pretation of scaling parameters, is the fact that the
limiting NO concentration is reached before peak cur-
rent. Hence the scaling of NO with energy or current
has more to do with the rate of increase of current, or

T (K)/1000
)
I‘l—|‘lil

0 . . . . !

0.5 1.0

R (cm)

Figure 9. Simulation code result of the temperature for the same case as shown in Figure 8.
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Figure 10. Simulation code results for the normalized pressure (top curve) and mass density

(bottom curve) for the same case as Figure 8.

the power dissipated, than with the amplitude. This
is not unexpected if one considers the spark channel
as a chemical reactor. Power is input through Ohmic
heating. The power primarily divides among heat, radi-
ation, and mass motion. The mass motion results in an
increase of the reactor volume, reducing the density of
reactants. Since there is no further input of reactants,
the output shuts off.

The simulation is incapable of describing the possible
later time turbulent mixing of cold ambient atmosphere
into the hot, low-density core. Because of this, the sim-

ulation cannot say anything about the importance of
the freeze-in effect in determining the eventual amount
of NO.

7. Calculations of Global NO From
Lightning

The contribution of lightning to the global reactive
nitrogen budget has been the subject of much research
and speculation. Several methods have been employed,
but an accurate assessment requires evaluation of

log Den(cm™)

Time(us)

Figure 11. Simulation code results at constant density with the hydrodynamics turned off but
with the same time dependence of the current as Figures 8-10. The notation for the chemical

species is the same as in Figure 8.
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several difficult to estimate variables. In this section
we estimate the giobal production of NO based on our
experimental results. The results presented here are
focused on cloud-to-ground flashes. Intracloud flashes
are more frequent, but generally thought to be less
energetic and  shorter than  cloud-to-ground
flashes [Krehbiel, 1986; Lawrence et al., 1995; Price
et al., 1997]. Cooray [1997] and Gallardo and Cooray
[1996] estimated that equivalent amounts of energy are
dissipated by intracloud and cloud-to-ground flashes.
Despite the pressure effect predicted by Goldenbaum
and Dickerson [1993] and demonstrated experimentally

hara P
here, results from a recent ficld experiment suggest that

intracloud flashes can not be neglected. Measurements
from a high altitude aircraft indicate substantial NO
production from intracloud flashes in three storms over
the Great Plains [Stith, 1998]. Because of the great
uncertainty surrounding intracloud flashes we limit our
estimate to NO produced from cloud-to-ground flashes.

The most frequently used method of calculating the
global NO production is what Lawrence et al. [1995]
referred to as the flash extrapolation approach (FEA),
in which the total global NO production is estimated

from

G(NO) = P(NO)Fy, (12)

where P(NO) is the number of molecules of NO pro-
duced by a typical single lightning flash and Fy is
the global annual lightning flash frequency. The value
of P(NO) has been estimated from field observations
of natural lightning [Nozon, 1976, 1978; Drapcho et
al., 1983; Franzblau and Popp, 1989] and from labo-
ratory discharges [Chameides et al., 1977; Levine et al.,
1981]. NO produced by laboratory discharges must be
somehow extrapolated to properties of natural light-
ning. This extrapolation often has been made with
the efficiency of NO production per joule of energy
p(NO) as the parameter. Results presented here, how-
ever, indicate that this parameter may be inappropriate
for global estimates. As suggested by Chameides [1986,
1979], p(NO) appears to vary. Our laboratory measure-
ments indicate that this is not a constant, that is, that
there is not a simple proportionality between energy dis-
sipated and NO production. Referring to Figure 3, the
data are rather scattered, but a simple proportionality
seems clearly excluded. This conclusion is further illus-
trated in Figure 12 where we plot p(NO) as a function
of peak current.

For currents typical of lightning the values of p(NO)
obtained are considerably higher than previous mea-
surements. For example, Hill et al. [1988] measured NO
production in a much lower current (70mA), lower en-

ergy (5.7 mJ) device and found p(NO) = 1.4x10'6 NO/J.

Levine et al. [1981] have utilized a higher-energy de-
vice (12kJ). The current magnitude and waveform were
not specified so it is not possible to compare their
results with ours. Using the stored energy their re-
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Figure 12. NO production divided by the energy dis-
sipated, p(NO), as a function of peak current.

sults yield 5 & 2 x 108 NO/J. Chameides et al. [1977)
measured the NO produced using a 35kV electrostatic
generator connected in parallel to a 59 pF capacitor.
The stored energy in each cycle was 36 x 1073 J. The

current magn itude and waveform were not renorted

vae cic v ICpPOIvCl.

Using stored energy, without attempting to correct for
other circuit losses, they estimated the figure of merit
as 6+ 1 x 101 NO/J. Moving their detector to larger
energy storage device (1350J) they obtained one shot
from which they estimate p(NO) = 8 x 10'* NO/J.
Because of the difficulty in producing large amplitude,
fast risetime currents, we suspect all of these experi-
ments had currents considerably smaller than ours. It
is noteworthy that extrapolating the curve in Figure 12
to low energies (and hence low currents) gives values
not dissimilar to the previous results.

The fraction of stored atmospheric electrical energy
that goes into NO production, into the Earth’s sur-
face, and into the cloud itself are all highly uncertain.
Using a new approach, Price et al. [1997] multiplied
the atmospheric breakdown potential (about 3 x 108 V)
by the cloud charge necessary to produce a maximum
current of 36 kA, the mean peak current measured over
the United States [Oruville, 1991a,b]. They derived an
average energy of about 6 GJ per flash. The resistance
of the atmosphere, however, falls after the passage of
the leader, and the lightning voltage probably decreases
substantially in the course of the flash. We believe that
the value of 6 GJ is an upper limit, and the actual val-
ues for energy released into the atmosphere by lightning
lie well below this. Other investigators have estimated
0.4 GJ per flash (see Lawrence et al. [1995] for a review).
The relationship of (7) implies that over this range of
data the perturbed atmosphere is not simply a constant
resistance resistor. Extrapolating to the mean current
of 36 kA [Price et al., 1997], the mean energy dissipated
per unit length is 8.4kJ/m. For a 6km altitude cloud
with a tortuosity factor of 3.6 (see discussion in the next
paragraph) and assuming 2.8 strokes per flash with the
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second and subsequent strokes having current at 43%
of the initial stroke [Price et al., 1997], this results in
an energy dissipation of 0.37 GJ/flash.

If the peak current in natural lightning is much better
known than the energy dissipated, as implied by Orville
[1991b], then using the NO produced per unit length as
a function of pressure and peak current may be a more
reliable means of estimating the production per flash.
To model the troposphere, we assume the undisturbed
atmosphere to be an ideal gas with a linear lapse rate
B = 6.5 x 1073 K/m. Integration of (9) along the path
of length H leads to the number of NO molecules (in
units of 10! molecules) produced per stroke as

PoTia

Nyo = —0.533H+4.12x 107022 (1 — A7)
_ }DOTIab)2 -

—2.08 x 10 10_(FoTiap)” 1— A1

X TOB(25—1)( )

(13)

where Tp = 288K is the model atmosphere temper-
ature at ground level, Py = 1 x 10°Pa is the model
atmospheric pressure at ground level, Tj,;, = 294K is
the laboratory temperature at which the measurements
leading to (9) were made, H = 6000 m, a typical cloud
altitude, § = g/RB, g = 9.8m/s%, R = 287J kg 'K~!
and A = 1 — BH/Tp, = 0.865. Modifying the coef-
ficients of (9) for 36kA by multiplying by the ratio
nNo (36 kA)/nno(19kA) of the number of molecules per
meter obtained from (6), we obtain a value of 2.1 x 1025
molecules for each 36 kA stroke. In order to account for
the NO produced in multiple stroke flashes, we make
use of the multiplicity (strokes per flash) versus fre-
quency (flashes per minute) plot (Figure 2b in the pa-
per by Price et al. [1997]). Using this scatterplot we
estimate an average of 2.8 strokes per flash. In order
to estimate the efficiency of NO production by multiple
strokes, we use Price et al.’s [1997] observation that sec-
ond and subsequent strokes on average have peak cur-
rents of 43% of that of the primary stroke. Taking all of
this into account we find 3.1 x 102% molecules per flash.
Assuming 30 [Price et al., 1997] to 100 [Lawrence et al.,
1995] flashes per second, we estimate 0.7 Tg(N)/yr for
30 flashes per second and 2.3 Tg(N)/yr for 100 flashes
per second.

The experimental results we report here are for dis-
charges considerably shorter in length than a typical
cloud altitude. In order to apply these results, we
need to account for the tortuous path of the natural
lightning discharge. Although some observational data
exist [Hill, 1968], it is difficult to use in estimating the
altitude multiplication factor (( Hyotal/H) = tortuosity).
We will estimate this factor using a theoretical model
based on a random walk of constant step length be-
tween fixed endpoints. The step size is determined by
the leader discharge and has been estimated to have
a representative length (h) = 50m [Uman, 1982]. This
length is sufficiently long as not to be a factor in the lab-
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oratory experiment. The tortuosity is estimated by the
relation Hiota)/H = (H/{h))P~!, where D is the frac-
tal dimension [Vecchi et al., 1994; Valdiva, 1997]. The
fractal dimension for a lightning discharge has been es-
timated by Vecchi et al. [1994] as 1.2 for a step length
of 35m and 1.5 for 90m. Choosing D= 1.27, and H=
6000 m, we find a tortuosity factor of 3.6. If we as-
sume a multiplication of the path length due to tor-
tuosity of 3.6, then these estimates grow to 2.5 and
8.3 Tg(N)/yr. Due to the uncertainties associated with
the flash rate and tortuosity in the above calculation, we
have not made a correction for the 5-10% NO2 produc-
tion. There are additional uncertainties associated with
applying our experimental results to natural lightning,
both known, such as the effect of current risetime, and
unknown. These uncertainties can only be quantified
through additional measurements leading to a better
understanding of the discharge physics.
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