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NOx from lightning 
2. Constraints from the global atmospheric electric circuit 

Colin Price • and Joyce Penner 2 
Atmospheric Science Division, Lawrence Livermore National Laboratory, Livermore, California 

Michael Prather 

Department of Earth System Science, University of California, Irvine 

Abstract. The global atmospheric electric circuit can be used to constrain the total 
amount of NOx produced by lightning (LNOx). Since the global atmospheric electric 
circuit is regulated by global thunderstorm activity and, more specifically, global lightning 
currents, we use the global electric circuit to quantify and place limits on the total amount 
of energy available from lightning. Using a production rate of 10 x 1016 molecules NO/J, 
we have calculated the global L NOx production on monthly, annual, and interannual 
timescales from 1983 to 1991. The 8-year mean production rate is found to be 13.2 Tg N/yr 
and agrees with the independent estimate derived in part 1 of this study (12.2 Tg N/yr), 
which is based on lightning physics and global lightning distributions. After considering the 
various uncertainties in these calculations, we conclude that the annual production rate of 
NOx from lightning cannot be less than 5 nor more than 25 Tg N/yr. 

1. Introduction 

Nitrogen oxides (NO x = NO + NO2) in the troposphere 
play an important role in tropospheric chemistry, mainly 
through the production of tropospheric ozone [Kroening and 
Ney, 1962; Crutzen, 1970] and the regulation of OH concentra- 
tions [Levy, 1971; Logan et al., 1981]. However, the relative 
importance of different sources of NOx to the global budget is 
still highly uncertain, especially in regions adjacent to anthro- 
pogenic emissions of NOx, although lightning and strato- 
spheric injections appear to dominate remote regions. This 
paper uses the global atmospheric electric circuit to place lim- 
its on the amount of NOx produced by lightning (LNOx). This 
independent approach corroborates the first part of this study 
(Price et al. [this issue], hereinafter referred to as PPP1) in 
which we used lightning physics together with estimations of 
global lightning activity [Price and Rind, 1992, 1993] to calcu- 
late the production rate of lightning-produced NOx (L NOx) as 
a function of latitude, longitude, day, month, and year. 

Previous studies of L NOx concentrated mainly on determin- 
ing the contribution of lightning to the global NOx budget 
[Noxon, 1976; Tuck, 1976; Chameides et al., 1977; Levine et al., 
1981; Dawson, 1980; Hill et al., 1980; Drapcho et al., 1982; 
Peyrous and Lapeyre, 1982; Borucki and Chameides, 1984; Bhe- 
tonabhotla et al., 1985; Franzblau and Popp, 1989; Liaw et al., 
1990; Sisterton and Liaw, 1990]. These estimates used theoret- 
ical calculations, laboratory measurements, and field observa- 
tions to extrapolate the amount of NO produced in a single 
stroke to a global mean rate, by typically using 100 flashes per 
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second. Resulting L NOx production rates vary by 2 orders of 
magnitude, from 1 Tg N/yr [Levine et al., 1981] to 100 Tg N/yr 
[Franzblau and Popp, 1989] [Tg = 10 TM g]. 

In this paper we introduce an entirely new approach to 
calculate this global value by using the Earth's global atmo- 
spheric electric circuit. The global electric circuit is regulated 
by thunderstorm activity and, more specifically, by lightning 
activity around the world. By using the global electric circuit to 
place an upper limit on the energy of global cloud-to-ground 
(CG) lightning, we can then place an upper limit on the NOx 
production. 

Section 2 discusses the general principles of the global at- 
mospheric electric circuit. The globally integrated energy re- 
sulting from lightning is derived. In section 3 we discuss NOx 
chemistry and present the global production rate of L NOx on 
monthly, annual, and interannual timescales. In section 4 we 
discuss the uncertainties in this study and present our conclusions. 

2. Global Atmospheric Electric Circuit 
It is well known that thunderstorms are electrified, but it is 

less well known that the fair weather atmosphere is also elec- 
trified. In 1752, Lemonnier discovered that the air above the 
Earth had a persistent electrical field which, in fair weather 
conditions, is directed downward and has an average magni- 
tude of 130 V/m [Wormell, 1953; Chalmers, 1967; Israel, 1971]. 
Because the permittivity of free space (•o) is 8.85 x 10 -•2 F/m, 
the charge on the Earth, as a result of this constant field, can 
be calculated. 

Q = •01/= 8.85 x 10 -•2 X 130 = 1.15 x 10 -9 rim 2 (1) 

which implies the Earth's surface has a total negative charge of 
5.9 x l0 s C. Because pure, neutral air at STP has a resistance 
of 5 x 10 •3 •, which is an excellent insulator, it was originally 
believed that this charge was a permanent static feature of the 
Earth system. However, in 1887, Linss discovered that the 
atmosphere had a slight conductivity due to ions in the atmo- 
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Figure 1. (a) Schematic representation of the currents flow- 
ing in the global atmospheric electric circuit. (b) Equivalent 
electric circuit showing the resistances in the circuit, the direc- 
tion of the current and the power source. 

sphere. This resulted in measurements of a fair weather atmo- 
spheric current of approximately 2 x 10-12 A/m 2 (1000 A 
globally) flowing from the atmosphere to the Earth's surface. 
This discovery resulted in a simple calculation indicating how 
long the Earth could maintain its negative charge. 

Q 5.9 x 105 
t=•-= 1000 =590s=9.8min (2) 

Therefore in less than 10 min the Earth should lose its 

charge. Since this is obviously not the case, scientists proposed 
that there must be a generator that continuously replenishes 
the charge on the Earth's surface. Wilson [1920] was the first to 
suggest that the generator of this charge was related to global 
thunderstorm activity. A decade later, Whipple [1929] demon- 
strated that the diurnal fluctuations in the Earth's surface 

potential gradient observed over the oceans were well corre- 
lated with diurnal fluctuations in global thunderstorm activity. 

With the discovery of the ionosphere in the 1920s the de- 
scription of the global electric circuit started taking shape. The 
overall picture is that of a spherical capacitor formed by a 
conducting Earth, a conducting upper atmosphere, and a leaky 
dielectric in between [Israel, 1971] (Figure 1). Currents are 
generated in regions of thunderstorms and electrified clouds. 
The currents above thunderstorms flow upward toward the 
ionosphere. At altitudes of approximately 60 km the iono- 
sphere is regarded to be an equipotential surface, since at these 

altitudes the conductivity is so large that potential gradients 
are very small [Israel, 1971]. Therefore the currents flowing 
upward to the ionosphere from above thunderstorms spread 
globally in the upper atmosphere and return to the Earth in 
regions of fair weather (Figure la). The equivalent electric 
circuit is shown in Figure lb, where global thunderstorms rep- 
resent the battery in the circuit. To prove that this atmospheric 
electric circuit is truly global, measurements of the air-Earth 
current and the potential gradient at the Earth's surface have 
been made simultaneously at different locations around the 
globe, and the agreement with each other is quite remarkable 
[Muhleisen, 1971; Markson, 1985]. 

It is important to realize that the energetic lightning strokes 
producing NO are only one fraction of the current in the global 
circuit. Thus knowledge of the electric circuit provides a strict 
upper limit to NO production. This paper endeavors to calcu- 
late that fraction of the current I in lightning strokes and hence 
an independent estimate of L NOx production. 

Atmospheric Currents 

It is now well known that under fair weather conditions the 

mean current density at the Earth's surface is approximately 
2 x 10 -12 A/m 2, or 1000 A integrated over the globe [Chal- 
mers, 1967; Israel, 1971; Roble and Tzur, 1986]. This fair 
weather conduction current is controlled by the intensity of 
electric currents generated in regions of thunderstorm activity 
(Figure la). The conduction current above individual thunder- 
storms is estimated to be of the order 1 A [Blakeslee et al., 
1989]. There are two main contributors to the global atmo- 
spheric currents: (1) cloud-to-ground lightning that brings pri- 
marily negative charge from the cloud to the ground and (2) 
point discharge or corona currents from pointed objects such 
as trees and buildings below electrified clouds. Point discharge 
occurs when electric fields of the order of kilovolts per meter 
at the surface below clouds result in exposed pointed objects 
going into corona. This implies that the local field near a 
conducting point reaches values necessary for ionization by 
collisions to occur. When the point is positively charged (in a 
negative potential gradient), as is the case underneath thun- 
derstorms, electrons move toward the point and positive ions 
away. Therefore point discharge currents under thunderstorms 
further contribute to the negative charge of the Earth's sur- 
face. 

Lightning Currents 

To calculate the contribution of cloud-to-ground (CG) light- 
ning to the global electric circuit, one needs to know the fre- 
quency of global CG strikes and how much charge is deposited 
on the Earth per flash (I = Q/t). Since no global data sets of 
CG flash frequencies exist, a method has been developed to 
approximate global CG lightning distributions and frequencies 
using readily available satellite cloud data [Price and Rind, 
1992, 1993; PPP1]. This method uses two parameterizations to 
calculate both total lightning frequencies and the fraction of 
the total lightning that is cloud to ground (see PPP1). The 
method utilizes global cloud data sets provided by the Inter- 
national Satellite Cloud Climatology Project (ISCCP) [Rossow 
and Schiffer, 1991]. The global distribution of lightning using 
this method is shown in our accompanying paper (PPP1, Plate 
1). Using observed cloud data for the months of January and 
July 1988, the global mean simulated CG lightning frequencies 
for these months are 19 and 30 flashes/s, respectively. The 
intracloud lightning frequencies for these months are 52 and 71 
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flashes/s, implying that CG flashes make up approximately one 
third of the total global lightning frequencies. 

It should be noted that intracloud (IC) flashes do not con- 
tribute to the currents in the global electric circuit. The IC 
flashes just tend to short-circuit the "batteries" in the circuit 
(see Figure lb). However, intracloud flashes have much lower 
energies than CG flashes [Holmes et al., 1971; Kowalczyk and 
Bauer, 1981; Sisterton and Liaw, 1990; PPP1], and therefore it 
is mainly the CG flashes that contribute to the NOx produc- 
tion. The contribution of IC flashes to the NOx budget are 
addressed later. This difference between CG and IC flashes has 

been overlooked by most previous researchers (see PPP1). 
The mean charge deposited by a CG flash is an uncertain 

quantity. This quantity is normally derived by integrating over 
the current pulse (Q = f I dt). In PPP1 it is shown how to 
theoretically calculate the charge Q, and expressions relating 
Q to the peak currents in CG return strokes were obtained. 
The charge deposited depends strongly on whether the flash 
has a return stroke with a continuing current component, 
which is a long period of low-intensity current flow. Between 40 
and 50% of negative CG flashes have a continuing current 
component [Kitagawa et al., 1962; Brook et al., 1962; Livingston 
and Krider, 1978]. Following PPP1 the return strokes with 
continuing currents have an additional 22.5 C of charge trans- 
ferred through the lightning channel. We assume a mean value 
of three strokes per negative flash, with 45% of them having a 
return stroke with a continuing current component. Hence for 
a negative flash 

Q_ = 0.65(Q• + 2Qs) + 0.45(Q• + 2Qs + 22.5) (3) 

where Q 1 and Qs are the charges deposited by the first and 
subsequent return strokes. For the observed mean peak cur- 
rent of 35 kA, Q1 = 11.1 C, and Qs = 5 C (PPP1). Therefore 
Q_ is taken to have a value of 33.3 C, in agreement with 
previously published observations [Cianos and Pierce, 1972; 
Uman, 1987]. It should be noted that positive CG flashes (pri- 
marily from high-altitude anvils to the ground) result in a net 
decrease in the fair weather current since positive flashes result 
in positive charge being deposited on the Earth's surface, op- 
posite to negative flashes. Although studies show that positive 
lightning makes up only a few percent of the total CG lightning 
[Orville, 1994; PPP1], observations in the tropics indicate that 
the ratio may be as high as 10% [Petersen and Rutledge, 1992]. 
We adopt a global mean value of 5% for the fraction of pos- 
itive CG lightning occurring around the globe. Even though 
positive discharges generally transfer larger amounts of charge 
to the Earth per stroke, we found 87% of positive flashes have 
only one return stroke (PPP1) with the remaining 13% having 
a total of two return strokes. Using a mean peak current of 61.4 
kA for positive flashes, Q1 = 19.2 C and Q• = 8.5 C (PPP1), 
while a charge transfer of 22.5 C is assumed during the con- 
tinuing current phase. The majority of positive flashes have a 
continuing curent portion [Uman, 1987]. Hence 

Q+ = 0.87(Q• + 22.5) + 0.13(Q• + Qs + 22.5) (4) 

which is equal to 42.8 C for the above parameters. It is now 
possible to calculate the contribution of all CG lightning to the 
global electric circuit. 

i =Q •-=Q_f_-Q+f+ (5) 
The currents (Iz•) for January and July 1988 are shown in 

Table 1 and include the contribution from the continuing cur- 

Table 1. Values of different parameters used in calculating 
the NOx production by lightning during January and July 
1988. See text for definition of parameters. 

Parameter January 1988 July 1988 

It., A 560 885 
I•, A 402 632 
I},r•, A 473 502 
I, A 1033 1387 
Rr, 11 2.782 X 105 1.797 X 105 
RB, 11 6.586 X 105 4.974 X 105 
R, 11 9.37 X 105 6.773 X 105 
Vi, kV 258 347 
Eco, J/s 1.514 x 10 TM 2.705 x 10 TM 
Eco, J 7.97 x 109 9.02 x 109 
Etot, J/s 1.929 x 10 TM 3.346 x 10 TM 
G, Tg N/yr 1.2 2.1 

rent portion of the return stroke. However, for NOx produc- 
tion the low-intensity continuing current portion of the return 
stroke is not of interest (see PPP1). Furthermore, since posi- 
tive flashes also produce NOx, we now need to add the abso- 
lute currents for the calculation of the NOx production. There- 
fore the relevant global currents are I• = Q*__f_ + Q•_f+ 
whereQ* = Q1 + 2Q• = 21 1 C, andQ* = 087Q1 + 
0.13(Q1 + Q2) = 20.3 C (Table 1). 

Point Discharge Currents 

The point discharge current (Ii•r•) has been studied exten- 
sively by Standler and Winn [1979]. They estimated that when 
the electric field exceeds a few kilovolts per meter at the 
surface, point discharge is initiated resulting in an observed 
mean current of 10 -9 A/m 2 below electrified clouds. Evidence 
exists that nonthunderstorm clouds can also be electrified, 
especially nimbostratus and stratus clouds [Dvali, 1959; Chalm- 
ers, 1967]. It also appears that often these clouds have similar 
charge structure in the clouds, resulting in negative charge 
near the base of the clouds and positive charge centers near the 
tops (Figure la). Very little data are available on electrified 
nonthunderstorm clouds. However, because of the long life 
and large areas covered by these clouds, they could potentially 
play a significant role in the overall point discharge currents 
that constitute the fair weather current. Although not an im- 
portant source of NOx, it is essential to consider this source of 
current in the global electric circuit. Jacobson and Kn'der [1978] 
have shown that as a result of objects on the Earth's surface 
going into corona, the electric field cannot increase above 10 
kV/m. In fact, the point discharge current is more dependent 
on surface characteristics than the electric fields below cloud 

base. For this reason the point discharge currents below strati- 
form clouds are assumed to be of similar magnitude to those 
below deep convective thunderstorms. Although the point dis- 
charge current can be highly variable, depending on the sur- 
face type, we assume a mean global value of 10 -9 A/m 2 under 
all electrified clouds [Standler and Winn, 1979]. 

To calculate the contribution of point discharge to the global 
currents, we need to know what area of the Earth is covered by 
electrified clouds. Since both deep convective clouds and low 
stratiform clouds (stratus and nimbostratus) are assumed to be 
electrified and therefore contribute to the currents flowing in 
the atmosphere (Figure la), we need to consider the area 
coverage of both cloud types. To establish the area coverage of 
electrified clouds, we analyzed global cloud data from the 
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Figure 2, [ntcrnational Satellite Cloud Climatology Project 
cloud classification according to cloud top pressure and cloud 
optical depth. Lightning is assumed to occur only in deep 
convective clouds, while point discharge currents are assumed 
to be generated under all electrified clouds (shaded). 

ISCCP data set mentioned above. The global cloud data set 
has a spatial resolution of approximately 5 km with global 
maps available 8 times per day from July 1983 to June 1991. 
Each 5-kin pixel is described by two parameters: cloud top 
pressure (height) and cloud optical depth. Using these two 
parameters, one can differentiate between various types of 
clouds. However, because of uncertainties in determining 
cloud type at high latitudes (high solar zenith angle) the cloud 
data are ignored when the solar zenith angle is greater than 
85 ø . This usually occurs at high latitudes in the winter hemi- 
sphere. The deep convective and stratiform clouds used in this 
paper are defined by their optical depths and altitudes in the 
atmosphere and are indicated by the shaded regions in Figure 
2. It should be noted that over the oceans, very little lightning 
is observed [Orville and Henderson, 1986] and very little point 
discharge is expected [Toland and l/onnegut, 1977] due to the 
relatively smooth surface characteristics. Therefore only clouds 
over continental regions are considered to contribute point 
discharge currents to the global electric circuit. Furthermore, 
since visible radiances are used to obtain optical depth values 
to identify cloud type, this study considers only clouds during 
daylight hours. However, Olapido and Mornu [1985] have 
shown that over a 14-year period, tropical lightning activity in 
Nigeria is equally distributed between day and night. This also 
appears to be the situation in Darwin, Australia [Williams and 
Heckman, 1993]. 

The mean area coverage of continental deep convective 
clouds during January and July 1988 is 0.87 x l0 skm 2 (Janu- 
ary) and 1.15 x l0 s km 2 (July), while for low stratiform clouds 
the area coverage is 3.86 x l0 s km 2 (January) and 3.87 x l0 s 
km 2 (July). The total area coverage of continental electrified 
clouds is therefore 4.73 x l0 s km 2 (January) and 5.02 x l0 s 

km 2 (July). Hence the global point discharge currents (IpD) 
can be estimated (Table 1). This results in a total global circuit 
current (I - IL + IpD) of 1033 A during January 1988 and 
1387 A during July 1988 (Table 1). These two values of con- 
duction current generated in regions of storm activity repre- 
sent a current density in the fair weather regions of the world 
of 2.03 x 10-•2 A/m 2 (January 1988) and 2.72 x 10-•2 A/m 2 
(July 1988), in excellent agreement with observed values 
[Chalmers, 1967; Israel, 1971; Roble and Tzur, 1986]. It should 
be pointed out that the area coverage of low stratiform clouds 
may well be underestimated using the satellite observations 
due to overlapping of cloud layers in the atmosphere. 

Atmospheric Conductivity 

The electrical conductivity of the atmosphere was first es- 
tablished by Linss in 1887. The conductivity is proportional to 
the number and mobility of ions, the mobility being defined as 
the velocity an ion would have in a field of 1 V/cm. Small ions, 
consisting of clusters of 10-30 molecules [Israel, 1971], have 
mobilities a few orders of magnitude larger than intermediate 
and large ions. For this reason the conductivity of the atmo- 
sphere is determined mainly by the concentration of small ions. 
The major source of ionization that maintains the electrical 
conductivity of the atmosphere below 60 km is cosmic radia- 
tion. For this reason the conductivity increases exponentially 
with altitude from the surface values of 10-•4 mho/m to values 
of 10 -•ø mho/m at 60 km [Israel, 1971; Volland, 1982; Makino 
and Ogawa, 1984]. 

The columnar resistance (Re) is defined as the resistance of 
a column of air of 1 m 2 cross section between two altitudes. 

Ih h' 1 = dz 
o 

(6) 

where A (z) is the vertical profile of conductivity. The best fit 
to observations is obtained using an expression of the form 

A(z) --= pie -ø'lz + p2 e-ø'2z + p3 e-•'z (7) 

The values for a•, a2, and a 3 were first determined by Gish 
[1944] to be 4.527 x 10 -3 m -•, 3.75 x 10 -4 m -1, and 1.21 x 
10 -4 m-], respectively. The values for p•, P2, and P3 differ in 
magnitude for different studies [Gish, 1944; Israel, 1971; l/ol- 
land, 1984]. We use values of 5.17 x 10 •3 f•m 2, 2.44 x 10 • 
f•m 2, and 0.65 x 10 •3 f•m 2, respectively, resulting in the global 
mean columnar resistance of the atmosphere between the sur- 
face and 60 km being approximately 1.3 x 10 •7 Dm 2 [Gish, 
1944; Israel, 1971; Markson, 1978; Volland, 1982, 1984; Gringel 
et al., 1986; Roble and Tzur, 1986]. The columnar resistance 
does vary depending on location, season, and cosmic ray flux; 
however, since we are interested in the globally integrated 
mean value, the average value of 1.3 x 10 •7 Dm 2 will be used. 
This corresponds to a global atmospheric resistance of approx- 
imately 250 D. 

The global electric circuit can be represented by an equiva- 
lent electric circuit as shown in Figure lb. The resistors in the 
circuit are represented by the resistance R B of the air below 
cloud base, resistance R r of the air above cloud top, and the 
fair weather resistance r between the ionosphere and the 
Earth's surface. Although point discharge currents contribute 
to the fair weather currents in the global electric circuit, only 
the lightning currents result in the high temperatures needed 
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for NOx production. If we assume the cloud base to occur at 
approximately 2 km, then by integrating (6), the columnar 
resistance between the surface and 2 km (RB) is found to 
represent approximately 44% of the total columnar resistance 
and has a value of 5.73 x 10 ]6 rim 2. The ISCCP data give the 
mean cloud top heights for deep convective clouds, which for 
January (July) 1988 is 7.8 km (8.8 kin). Therefore the columnar 
resistance above these clouds (R r) is 2.42 x 10 ]6 Ilm 2 (2.07 x 
10 ]6 rim2), representing 19% (16%) of the total columnar 
resistance. 

In Figure lb each thunderstorm represents an electric bat- 
tery of potential 108-109 V [Uman, 1987], while RB and Rr 
represent the sum of the resistances from all the individual 
Storms around the globe. Since these storms are in parallel 
around the globe, 

i n 1 

R•,r ._- r•,r, (8) 

where ra,r, is the resistance below/above storm i. 
Using the values for the area coverage of deep convective 

clouds only, we can now calculate the actual ri•sistances in the 
global circuit resulting fi'om thunderstorms. Once again we 
should point out that primarily continental clouds contribute 
to the global electi'ic clrcuit. Very little lightning and point 
discharge occurs over the oceans. Assuming that deep convec- 
tive clouds over continental regions have cloud bases at ap- 
proximately •2 km, the columnar resistance above and below 
these clouds can be calculated (Table 1). These calculated 
values of R• and Rr are well within the limits proposed by 
Markson [1978]. The resistance of the atmosphere in the fair 
weather regions of the Earth (r) is approximately 250 fl, re- 
sulting in the total resistance (R = r + Rr + R•) of the 
global electric circuit (Figure lb) shown in Table 1. 

Given the abUve value of r and the previously calculated 
values of the conduction currents, we can also calculate the 
potential between the ionosphere and the Earth's surface (Fig- 
ure lb), known as the ionospheric potentiai (VI) (Table 1). 

V/= ir (9) 

TheSe values of the ionospheric potential agree well with ob- 
served values [Markson, 1976; Muhleisen; 1977; Markson, 
1978]. To demonstrate the ability of Our model using I$CCP 
cloud data to predict the fair weather current (t) and hence 
the ionospheric potential (V/), three comparisons with actual 
V• observations (R. Markson, personal co/nmunication, 1992) 
were made (Figure 3). The fluc[uations in the predicted daily 
mean values of V• are shown by the solid curve for the months 
of March 1986, May 1987, and September 1990. The available 
observed V/ data points are shown for •he same period. It 
should be noted that the observations are taken at a specific 
time during the day and do not fep/esent daily mean values. In 
fact, the diurnal vai'iability (univerõal time) of V/can be quite 
large, because of the diurnal variability of global thunderstorm 
activity. For example, on September 20, 1990, at 0310 UT the 
observed V/was 170 kV, while at 2100 UT on the same day the 
observed V• was 309 kV. Had the daily mean values of Vt been 
available, we would have expected a better agreement with the 
daia points. Since our model uses optical depth values to de- 
termine different cloud types, the model can only predict V/ 
during dhylight hours when optical depth •,alt•es can be calcu- 
lated from the visible radiances observed by the satellites. 

.. 
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Figure 3. MOdeled daytime ionospheric potentihl (V D com- 
pared with obserced ionospheric potential during three differ- 
ent months (May 1986, March 1987, and September 1990). 

Therefore at present we cannot use our model to predict V/for 
a specific finiversal time during the diurnal cycle, since at any 
one time daring the day, part of the globe is in darkness, and 
hence no ISCCP cloud data are available from that region, It 
may be possible.to perfqrm a mote rigorous test for the pre- 
dictability of this model against V/if we can estimate the 
nighttime distribution 0f electrified clotids. In addition, the 
predicted V•r values are calcuiated using a constant value of the 
fair weather atmospheric resistance (250 il). This value varies 
With season; solar activity, a•rosol loading, and time of day. i• 
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Figure 4. Monthly fluctuations in global L NOx production 
from July 1983 to June 1991. The bold smoothed curve indi- 
cates the annual and interannual variability in the data. 

Etot = ECG 'fc• + EIc 'fIc = Ec• 'fc• + 0.1Ec•' fic 

= Ec•(fc• + 0. lf•c) (11) 

3. Global Production of Lightning NOx 
As discussed in PPP1, we have adopted a mean value of 10 _ 

5 x 10 •6 molecules NO/J for the production rate of NOx. This 
estimate needs to be better quantified in future studies to 
reduce its uncertainty. However, using the mean value of P, 
10 x 10 •6 molecules NO/J, we can now estimate global NOx 
production (G) resulting from lightning using the formula 

G = Eto t ß t' P' C (12) 

is very likely that on the specific day the observations of Vi 
were made, the resistivity of the atmosphere was not 250 fl. In 
fact, Muhleisen [1977] and Roble and Tzur [1986] both use a 
value of 230 fi, while Markson [1978] used a mean value of 150 
• and Roble [1991] uses a mean value of 300 •. The lack of fit 
can be explained by the variability of the atmospheric resistivity. 

The largest potential error in the Vi model results from the 
estimation of the area covered by nonthunderstorm electrified 
clouds that contribute to the point discharge current. We used 
the cloud types arbitrarily defined by their cloud top heights 
and their optical depths (Figure 2). Considering this uncer- 
tainty, it is actually quite remarkable how well the model 
agrees with the observations. Finally, the predicted Vi values 
do appear to be reproducing the variability found in the ob- 
served V I data. 

Energy 

Although, ideally, we would like to calculate the energy from 
lightning using the lightning channel currents and conductivity 
(resistance), these parameters are very poorly known. In par- 
ticular, the conductivity of a lightning channel can vary by 11 
orders of magnitude during the first 5/zs of the discharge [Yos, 
1963; Uman and Voshall, 1968; PPP1], which is a critical period 
for the NOx production. For this reason we prefer to use the 
fair weather current and resistivity to infer the energy available 
from global lightning for the production of NOx. The energy 
produced per unit time by CG discharges (Table 1) is simply 
given by 

EcG = (I})2R (10) 

For the production of NOx we are only concerned with the 
currents in the global electric circuit resulting from cloud-to- 
ground lightning, since point discharge does not appear to be 
important in the production of NOx [Sisterson and Liaw, 1990]. 
Furthermore, we are only interested in the lightning current 
(I•,) that does not contain the low-intensity continuing current 
(see PPP1). 

As mentioned previously, the lightning currents flowing in 
the global electric circuit are from CG discharges only. How- 
ever, intracloud (IC) flashes also contribute to the total NOx 
produced by lightning. As discussed in PPP1, IC flashes are 
assumed on average to have only 10% of the energy found in 
CG flashes. The average energy per CG flash (EcG = E cG/f ) 
is shown in Table 1. Therefore the total energy available from 
both cloud-to-ground and intracloud flashes can be calculated 
(Table 1). 

where Eto t is the total energy available for the production of 
NOx (J/s), t is the period of interest (s), P is the production 
rate (molecules NO/J), and C is a conversion constant equal to 
(14 g/mole)/(6.02 x 10 23 molecules/mole) or 2.33 x 10 -23 
g/molecule. For January and July 1988 the monthly production 
rate of NO x is 1.2 and 2.1 Tg N/month (Table 1), equivalent to 
an annual production rate of 14 Tg N/yr (January) and 24.6 Tg 
N/yr (July). As expected, the higher total available energy 
during July 1988 results in more NO x being produced during 
July compared with January. In comparison, the production 
rates found using the method in PPP1 gave 12 Tg N/yr (Jan- 
uary) and 18 Tg N/yr (July). Reasons for these differences will 
be discussed below. 

Following the same procedure described above we have cal- 
culated the production rate of NOx for all months during the 8 
years of ISCCP data (1983-1991) (Figure 4). The monthly 
variability is shown together with a smoothed curve to indicate 
both seasonal and interannual variability in the NOx produc- 
tion. On a monthly timescale the production rates vary be- 
tween 5 and 25 Tg N/yr. Generally, the annual cycle shows 
maximum NOx production during the northern hemisphere 
summer. The minimum lightning frequencies and hence NOx 
production occur during 1986, which could possibly be related 
to the fact that 1986 was an E1 Nifio year, when global circu- 
lation patterns and possibly thunderstorm patterns show large 
deviations from their climatological values. This interannual 
variability in lightning NOx should directly impact tropospheric 
ozone since L NOx is likely to be a major source of 03 in 
remote regions (PPP1). Thus 1986 and similar E1 Nifio/ 
Southern Oscillation years may have lower than normal tro- 
pospheric ozone. 

Figure 4 should be compared with the equivalent figure from 
PPP1 (Figure 6). Although the mean annual values appear to 
be fairly similar in the two studies, the annual and interannual 
fluctuations are larger in this study using the global electric 
circuit. In the present study (PPP2) there are more free pa- 
rameters that are allowed to vary from day to day and month 
to month. In PPP1 the total energy is calculated using E = Q V 
where V is constant throughout the study and Q is allowed to 
vary. Here the energy is calculated using E = I2R where both 
I and R can vary according to the frequency of lightning and 
the area covered by electrified clouds. Furthermore, the energy 
is proportional to 12, whereas in PPP1 the energy is a linear 
function of the current I. It is therefore understandable that 

the method presented here would show larger variability com- 
pared with the method in PPP1. 

By summing up the contribution from each month, we ob- 
tain the annual production rate for the seven complete years of 
the ISCCP data (Table 2). The annual mean production rates 
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vary from 10.3 to 14.7 Tg N/yr with a global mean annual 
production rate of 13.2 Tg N/yr. Once again the range in these 
values is larger than those obtained in PPP1, as explained 
above. However, the annual mean value for the eight years is 
in excellent agreement with that found using the method in 
PPP1 (12.2 Tg N/yr). 

Table 2. Annual production of L NO x from 1984 to 1990 

1984 1985 1986 1987 1988 1989 1990 Mean 

NOj 
production, 

Tg N/yr 

14.7 13.3 10.3 13.5 14.6 12.5 12.8 13.2 

4. Discussion and Conclusions 

In this study we use the global atmospheric electric circuit to 
estimate the total available energy from lightning for the pro- 
duction of NO x. The lightning currents flowing in the global 
electric circuit are generated only by cloud-to-ground (CG) 
lightning. However, as discussed in part I of this study (PPP1), 
we have shown that intracloud (IC) lightning has only 1/10 the 
energy of CG lightning and therefore does not contribute sig- 
nificantly to the NO x production. Nevertheless, we have in- 
cluded the contribution of IC flashes to the NO x production in 
our calculations. 

To calculate the energy available from lightning using the 
global electric circuit, it is necessary to calculate the lightning 
currents and the global resistances in the global electric circuit 
(E = I2R). To do this, we needed to calculate the global 
frequency of CG lightning and the global area coverage of 
thunderstorms, which were done using the ISCCP cloud data 
sets. When the total energy deposited in CG strokes was de- 
rived, we applied a mean NO x production rate (10 x 10 •6 
molecules NO/J) to calculate the global NO x production on 
monthly, annual, and interannual timescales. The annual cycle 
appears to maximize in the northern hemisphere summer, with 
1986 (an E1 Nifio year) indicating below-average NOx produc- 
tion. The annual mean production rate was found to be 13.2 Tg 
N/yr, with a range of 10.3-14.7 Tg N/yr. 

The production rate of 13.2 Tg N/yr is in reasonable agree- 
ment with many previous studies; however, we believe this is 
purely fortuitous. Many of the previous studies have made two 
incorrect assumptions that tend to cancel each other. First, the 
energy per flash in previous studies has been underestimated 
(see PPP1), possibly because of the fact that often the total 
energy in a lightning flash is derived from the optical energy 
that represents less than 1% of the total energy [Borucki and 
Chameides, 1984]. Second, the global frequency of NO x- 
producing flashes has been overestimated in previous studies. 
Although there appear to be of the order of 100 flashes per 
second around the globe, 70% of these flashes are intracloud 
discharges, each with possibly 10% of the NOx-producing 
power of CG flashes. These two negating effects appear to have 
resulted in previous studies arriving at global estimates of 
L NO x production similar to the values obtained in this study. 

There are a number of other possible sources of uncertainty 
in our study which need to be identified. Although the global 
calculations of lightning frequencies using the ISCCP data 
have been shown to be in good agreement with observations 
[Price and Rind, 1992], there are problems with the available 
observations of global lightning used for verification. The de- 
tection efficiencies of the satellite-based sensors are uncertain 

[Turman and Edgar, 1982], and the observations are made at 
only a few specific local times during the day [Orville and 
Henderson, 1986]. It is therefore difficult to know with certainty 
how well we are simulating global lightning distributions. 

There is great need for better global lightning data. In par- 
ticular, the differentiation between CG and IC flashes needs to 
be further studied. The relationship used to derive the fraction 

of cloud-to-ground lightning in a thunderstorm may need re- 
fining in the future as more lightning data become available. 
Because of the difference in energies of CG and IC flashes it is 
important to determine the fraction of global lightning that is 
intracloud. The energy of IC flashes is assumed to be only 1/10 
that of CG flashes. More work needs to be done on intracloud 

discharges to determine how important they are in producing 

All the empirical relationships used in the global simulations 
of lightning presented in this paper were derived using light- 
ning data mainly from the United States. These relationships 
may be different in other regions of the globe. In addition, to 
calculate the current flowing in the global circuit as a result of 
CG lightning, we had to derive a mean value for the charge 
deposited in a lightning flash. On the basis of observations in 
the United States we arrived at a value of 33 C for a negative 
flash and a value of 43 C for a positive flash. These values may 
also not be globally representative, even though they agree 
with observations from other locations around the globe. 

For the NO x calculation using the global circuit, we also 
needed to know the area of thunderstorms around the globe. 
This information is obtained from the ISCCP data products, 
which has an arbitrary definition of deep convective clouds 
based on cloud top pressure and cloud optical depth. Changes 
in this definition could result in changes in the total area 
covered by thunderstorms as defined by the ISCCP data set. 
This would result in a change in the resistances calculated in 
the global electric circuit, hence influencing the total energy 
assumed to go into L NO x production. 

The primary remaining uncertainty is the production rate of 
NO x per unit energy. In this paper we have not tried to im- 
prove this estimate, which is rather uncertain. The production 
rate may vary with altitude along the lightning channel, energy 
density, and atmospheric water vapor content, and it is not 
clear how the production rate may vary as the total energy 
changes. Is the production of NO x linearly related to the en- 
ergy? Would inclusion of water vapor in the theoretical and 
laboratory measurements result in significant enhancements of 
NO production [Peyrous and Lapeyre, 1982]? Is the corona 
sheath around the lightning discharge a significant source of 
NO in thunderstorms? What about in-cloud corona from ice 

particles? We used a value of 10 x 1016 molecules NO/J in all 
our calculations. Our range of uncertainty for this value is 
_+50%, or 10 +_ 5 x 1016 molecules NO/J. If a better estimate 
is obtained in the future, it will be easy to rescale our results. 
Using a value of 5 x 10 •6 molecules NO/J and the lowest 
annual production rate (1986) would imply an annual mean 
production rate of 5.2 Tg N/yr, while a value of 15 x 10 •6 
molecules NO/J and the maximum annual production rate 
(1984) would give an annual production rate of 22 Tg N/yr. 
This would imply an upper limit of 25 and a lower limit of 5 Tg 
N/yr. 

Only part of the charging current of the global atmospheric 
electric circuit is transmitted through energetic CG strokes. 
The obvious limitations on this fraction provide one of the 
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more robust limits on lightning-produced NOx. Using the year- 
to-year statistics of the fair weather currents or ionospheric 
potential with this method may allow us to derive interannual 
variations in the natural sources of NO x with likely links to 
corresponding interannual variations in tropospheric ozone. 

Acknowledgments. We are grateful to R. Markson for providing us 
with his ionospheric potential data that was used for comparison with 
our model. This work was performed under the auspices of the U.S. 
Department of Energy by the Lawrence Livermore National Labora- 
tory under contract W-7405-Eng-48 and was supported in part by the 
University of California's INCOR Postdoctoral Program and NASA's 
AEAP/SASS Program. 

References 

Bhetanabhotla, M. N., B. A. Crowell, A. Coucouvinos, R. D. Hill, and 
R. G. Rinker, Simulation of trace species production by lightning 
and corona discharge in moist air, Atmos. Environ., 19, 1391-1397, 
1985. 

Blakeslee, R., H. Christian, and B. Vonnegut, Electrical measurements 
over thunderstorms, J. Geophys. Res., 94, 13,135-13,140, 1989. 

Borucki, W. J., and W. L. Chameides, Lightning: Estimates of the rates 
of energy dissipation and nitrogen fixation, Rev. Geophys., 22, 363- 
372, 1984. 

Brook, M., N. Kitagawa, and E. J. Workman, Quantitative study of 
strokes and continuing currents in lightning discharges to ground, J. 
Geophys. Res., 67, 649-659, 1962. 

Chalmers, J. A.,Atmospheric Electricity, pp. 515, Pergamon, Tarrytown, 
N.Y., 1967. 

Chameides, W. L., D. H. Stedman, R. R. Dickerson, D. W. Rusch, and 
R. J. Cicerone, NOx production in lightning, J. Atmos. Sci., 34, 
143-149, 1977. 

Cianos, N., and E. T. Pierce, A ground-lightning environment for 
engineering usage, Stanford Res. Inst. Proj. 1834, Tech. Rep. 1, Stan- 
ford Res. Inst., Menlo Park, Calif., 1972. 

Crutzen, P. J., The influence of nitrogen oxides on the atmospheric 
ozone content, Q. J. R. Meteorol. Soc., 96, 320-327, 1970. 

Dawson, G. A., Nitrogen fixation by lightning, J. Atmos. Sci., 37, 174- 
178, 1980. 

Drapcho, D. L., D. L. Sisterton, and R. Kumar, Nitrogen fixation by 
lightning activity in a thunderstorm, Atmos. Environ., 17, 729-734, 
1983. 

Dvali, E. R., The electric field in various cloud and precipitation 
situations, in Studies of Clouds, Precipitation, and Thunderstorm Elec- 
tricity, edited by N. I. Vul'fson and L. M. Levin, pp. 269-272, Am. 
Meteorol. Soc., Boston, Mass., 1959. 

Franzblau, E., and C. J. Popp, Nitrogen oxides produced from light- 
ning, J. Geophys. Res., 94, 11,089-11,104, 1989. 

Gish, O. H., Evaluation and interpretation of the columnar resistance 
of the atmosphere, Ten'. Magn. Atmos. Electr., 49, 159-162, 1944. 

Gringel, W., J. M. Rosen, and D. J. Hofmann, Electrical structure from 
0 to 30 kilometers, in The Earth's Electrical Environment, pp. 166- 
182, Natl. Acad. Press, Washington, D.C., 1986. 

Hill, R. D., R. G. Rinker, and H. D. Wilson, Atmospheric nitrogen 
fixation by lightning, J. Atmos. Sci., 37, 179-192, 1980. 

Holmes, C. R., M. Brook, P. Krehbeil, and R. McCrory, On the power 
spectrum and mechanism of thunder, J. Geophys. Res., 76, 2106- 
2115, 1971. 

Israel, H., Atmospheric Electricity, vol. 1, 317 pp., Israel Program for 
Sci. Transl., Jerusalem, 1971. 

Jacobson, E. A., and E. P. Krider, Electrostatic field changes produced 
by Florida lightning, J. Atmos. Sci., 33, 103-114, 1976. 

Kitagawa, N., M. Brook, and E. J. Workman, Continuing currents in 
cloud-to-ground lightning, J. Geophys. Res., 67, 637-647, 1962. 

Kowalczyk, M., and E. Bauer, Lightning as a source of NOx in the 
troposphere, Tech. Rep. FAA-EE-82-4, 76 pp., Inst. for Def. Anal., 
Alexandria, Va., 1981. 

Kroening, J. L., and E. P. Ney, Atmospheric ozone, J. Geophys. Res., 
67, 1867-1875, 1962. 

Levine, J. S., R. S. Rogowski, G. L. Gregory, W. E. Howell, and 
J. Fishman, Simultaneous measurements of NO•, NO, and 03 pro- 
duction in a laboratory discharge: Atmospheric implications, Geo- 
phys. Res. Lett., 8, 357-360, 1981. 

Levy, H., II, Normal atmosphere: Large radical and formaldehyde 
concentrations predicted, Science, 173, 141-143, 1971. 

Liaw, Y. P., D. L. Sisterton, and N. L. Miller, Comparison of field, 
laboratory and theoretical estimates of global nitrogen fixation by 
lightning, J. Geophys. Res., 95, 22,489-22,494, 1990. 

Livingston, J. M., and E. P. Krider, Electric fields produced by Florida 
lightning, J. Geophys. Res., 83, 385-401, 1978. 

Logan, J. A., M. J. Prather, S.C. Wofsy, and M. B. McElroy, Tropo- 
spheric chemistry: A global perspective, J. Geophys. Res., 86, 7210- 
7254, 1981. 

Makino, M., and T. Ogawa, Quantitative estimation of global circuit, J. 
Geophys. Res., 90, 5961-5966, 1985. 

Markson, R., Ionospheric potential variation obtained from aircraft 
measurements of potential gradient, J. Geophys. Res., 81, 1980-1990, 
1976. 

Markson, R., Solar modulation of atmospheric electrification and pos- 
sible implications for the sun-weather relationship, Nature, 273, 103- 
109, 1978. 

Markson, R., Aircraft measurements of the atmospheric electrical 
global circuit in the period 1971-1984, J. Geophys. Res., 90, 5967- 
5977, 1985. 

Muhleisen, R. P., New determination of the air-earth current over the 
ocean and measurements of ionospheric potential, Pure Appl. Geo- 
phys., 84, 112-115, 1971. 

Noxon, J. F., Atmospheric nitrogen fixation by lightning, Geophys. Res. 
Lett., 3, 463-465, 1976. 

Oladipo, E. O., and M. E. Mornu, Characteristics of thunderstorms in 
Zaria, Nigeria, Weather, 40, 316-322, 1985. 

Orville, R. E., Cloud-to-ground lightning flash characteristics in the 
contiguous United States: 1989-1991, J. Geophys. Res., 99, 10,833- 
10,841, 1994. 

Orville, R. E., and R. W. Henderson, Global distribution of midnight 
lightning: September 1977 to August 1978, Mon. Weather Rev., 114, 
2640-2653, 1986. 

Petersen, W. A., and S. A. Rutledge, Some characteristics of cloud- 
to-ground lightning in tropical northern Australia, J. Geophys. Res., 
97, 11,553-11,560, 1992. 

Peyrous, R., and R-M. Lapeyre, Gaseous products created by electrical 
discharges in the atmosphere and condensation nuclei resulting 
form gaseous phase reactions, Atmos. Environ., 16, 959-968, 1982. 

Price, C., and D. Rind, A simple lightning parameterization for calcu- 
lating global lightning distributions, J. Geophys. Res., 97, 9919-9933, 
1992. 

Price, C., and D. Rind, What determines the cloud-to-ground fraction 
in thunderstorms? Geophys. Res. Lett., 20, 463-466, 1993. 

Price, C. G., J. E. Penner, and M. J. Prather, NOx from lightning, 1, 
Global distribution based on lightning physics, J. Geophys. Res., this 
issue. 

Robie, R. G., On modeling component processes in the earth's global 
electric circuit, J. Atmos. Ten'. Phys., 53, 831-847, 1991. 

Roble, R. G., and I. Tzur, The global atmosphere-electrical circuit, in 
The Earth's Electrical Environment, pp. 206-231, Natl. Acad. Press, 
Washington, D.C., 1986. 

Rossow, W. B., and R. A. Schiffer, ISCCP cloud data products. Bull. 
Am. Meteorol. Soc., 72, 2-20, 1991. 

Sisterton, D. L., and Y. P. Liaw, An evaluation of lightning and corona 
discharge on thunderstorm air and precipitation chemistry, J. Atmos. 
Chem., 10, 83-96, 1990. 

Standler, R. B., and W. P. Winn, Effects of coronae on electric fields 
beneath thunderstorms, Q. J. R. Meteorol. Soc., 105, 285-302, 1979. 

Toland, R. B., and B. Vonnegut, Measurements of maximum electric 
field intensities over water during thunderstorms, J. Geophys. Res., 
82, 438-441, 1977. 

Tuck, A. F., Production of nitrogen oxides by lightning, Q. J. R. Me- 
teorol. Soc., 102, 749-755, 1976. 

Turman, B. N., and B.C. Edgar, Global lightning distributions at dawn 
and dusk, J. Geophys. Res., 87, 1191-1206, 1982. 

Uman, M. A., The lightning discharge, Academic, San Diego, Calif., 
1987. 

Uman, M. A., and R. E. Voshall, Time interval between lightning 
strokes and the initiation of dart leaders, J. Geophys. Res., 73, 497- 
506, 1968. 

Volland, H., Quasi-electrostatic fields within the atmosphere, in Hand- 
book of Atmospherics, vol. 1, edited by H. Volland, pp. 65-109, CRC 
Press, Boca Raton, Fla., 1982. 



PRICE ET AL.: NO x FROM LIGHTNING, 2 5951 

Volland, H., Atmospheric Electrodynamics, Springer-Verlag, New 
York, 1984. 

Whipple, F. J. W., On the association of the diurnal variation of 
electric potential gradient in fine weather with the distribution of 
thunderstorms over the globe, Q. J. R. Meteorol. Soc., 55, 1-17, 1929. 

Wiliams, E. R., and S. J. Heckman, The local diurnal variation of cloud 
electrification and the global diurnal variation of negative charge on 
the Earth, J. Geophys. Res., 98, 5221-5234, 1993. 

Wilson, C. T. R., Investigations on lightning discharges and on the 
electric field of thunderstorms, Phil. Trans. R. Soc. London A, 221, 
73-115, 1920. 

Wormell, T. W., Atmospheric electricity: Some recent trends and 
problems, Q. J. R. Meteorol. Soc., 79, 3-38, 1953. 

Yos, J. M., Transport properties of nitrogen, hydrogen, oxygen, and air 

at 30,000øK, Avco Corp. Tech. Memo RAD-TM-63-7, Wilmington, 
De., 1963. 

J. Penner, Department of Atmospheric, Oceanic and Space Sci- 
ences, University of Michigan, Ann Arbor, MI 48109-2143. 

M. Prather, Department of Earth System Science, University of 
California, Irvine, CA 92717. 

C. Price, Department of Geophysics and Planetary Sciences, Tel 
Aviv University, Tel Aviv 69978, Israel. 

(Received October 12, 1995; revised May 18, 1996; 
accepted June 4, 1996.) 




