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Abstract

It is well known that lightning produces NO, as a result of the high temperatures in dis-
charge channels. Since most viable proposed electrification mechanisms involve ice
crystals, it is reasonable to assume that lightning discharge channels frequently pass
through fields of ice particles of various kinds. We address the question of whether
ice crystals may serve as catalysts for the production of NO, by lightning discharges.
If so, and if the effect is large, it would need to be taken into account in estimates
of global NO, production by lightning. In this study, we make a series of plausible
assumptions about the temperature and concentration of reactant species in the envi-
ronment of discharges and we postulate a mechanism by which ice crystals are able to
adsorb nitrogen atoms. We then compare production rates between uncatalyzed and
catalyzed reactions at 2000 K, 3000 K, and 4000 K, which are reasonable temperatures
in lightning channels as they cool down. Catalyzed NO production rates are greater at
2000 K, whereas uncatalyzed production rates are greater at 4000 K. This effect may
be relevant to the question of the relative importance of cloud-to-ground and in-cloud
lightning for NO,, production.

1 Introduction

Though it has been known for a long time that lightning produces oxides of nitrogen
(NO,), serious research on the subject has been undertaken only in the last 30 years
or so. The study of NO, first achieved prominence when it was found that NO is an
important precursor to photochemical smog (Schumann and Huntrieser, 2007). Also,
NO and NO, have been linked to the destruction of stratospheric ozone (Cohen, 2003).

In the atmosphere, NO forms an equilibrium with molecular nitrogen and molecu-
lar oxygen at high temperatures, such as those that are generated within the light-
ning channel (Price, 1997). Orville (1968) found peak temperatures in cloud-to-ground
lightning channels between 28 000 and 31000 K. Rakov (1998) found return-stroke
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channel peak temperatures exceeded 30 000 K. Recent spectroscopic measurements
by Walker et al. (2010b) yielded peak temperature estimates of 34 000K (Fig. 1). Uman
and Voshall (1968) found that temperatures in the lightning channel cool to about
8000K in 50 ms, then cool to between 2000 K and 4000 K in the next 50 ps.

Cook (2000) has proposed three reactions by which NO might be converted into
NO, in the proximity of a lightning discharge. The first involves combining NO and O,
to produce NO, and O. The second involves NO and O as reactants, with NO, as the
only product. The third involves NO, O and an additional gas such as N,, Ar, or O,,
producing NO, and leaving the additional gas unchanged. All three of these reactions
take place faster than the reaction that produces NO, by combining NO and Os.

A review of recent literature reveals differing estimates of NO, production per flash in
thunderstorms (Table 1). One of the factors affecting these estimates is the relative im-
portance of cloud-to-ground (CG) lightning and in-cloud (IC) lightning in the production
of NO,. For example, Ott et al. (2010) state that IC lightning and CG lightning produce
roughly equal amounts of NO, per flash. Koshak et al. (2010) state that CG lightning
produces ten times more NO, per flash than IC lightning. The Ott et al. value relies
on aircraft measurements obtained post-discharge around a thunderstorm, while the
Koshak et al. model uses production values from laboratory discharges. Augmented
production of NO, as a result of the presence of ice particles at high altitudes could
account for the difference in total production estimates.

2 The possible role of ice oarticles as catalysts for products of NO,

This paper explores a potential reaction mechanism that invokes adsorption of nitro-
gen atoms on ice crystals. If this mechanism exists, it could conceivably prolong
the availability of nitrogen atoms for reactions within the upper region of thunder-
storms, i.e. where ice particles are present. Chemisorption occurring through nitrogen-
hydrogen chemical bonding is the most likely adsorption mechanism. Certainly there is
a precedent for consideration of these types of chemisorptive catalytic reactions, as it
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has been found that the rate of catalytic ammonia synthesis is primarily determined by
nitrogen chemisorption (Klimisch, 1975). The greatest amount of adsorption per unit of
ice particles probably occurs with the dendrite crystal habit, since dendrites have the
largest specific surface area (Fig. 2).

By the very nature of heterogeneous catalytic reactions, the reaction rates will not be
constant, and oscillatory kinetics have been observed in a wide variety of these kinds
of reactions (Imbihl, 1995). However, assuming only nitrogen atoms are adsorbed, the
reaction would be unimolecular. The overall kinetics of adsorption can be modeled by
the Langmuir adsorption isotherm. The rate constants can be determined using the
Eyring equation (Laidler, 2003). In using the Langmuir model, it is assumed that all the
surface sites are identical and do not react with each other (Boudart, 1995), so that the
heat of adsorption does not change between surface sites (Seader, 1998).

The Langmuir model is valid in the case of this proposed reaction mechanism. The
surface sites participating in this reaction are the hydrogen atoms, which are all iden-
tical. While nitrogen atoms can bond with both oxygen atoms and hydrogen atoms on
the water molecule, the nitrogen bonded with hydrogen is the most likely to result in
the formation of NO,, since it will have a partial positive charge because of the greater
electronegativity of oxygen, with oxygen drawing electrons away from hydrogen on the
water molecule (Laidler, 2003).

3 Stability of ice crystals at high temperatures

Before the production of NO by ice crystal catalysis can be considered, the stabil-
ity of the ice crystal surfaces must be determined. If the ice crystals sublime in the
heat surrounding the lightning channel, there will be no surfaces on which catalytic
NO production could take place. Therefore, the rate of decay for ice crystals in high
temperature environments must be examined in order for the viability of the proposed
reaction to be established.
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To model the process, three temperatures were used: 2000, 3000, and 4000K,
since temperatures in this range occur during the cool-down period in a lightning dis-
charge channel. Capacitances of 0.1 times the radius of the dendrite, equal to the
radius of the dendrite, and ten times the radius were used to test the range of pos-
sible decay rates for ice crystals in a wide range of possible thunderstorm environ-
ments (Rogers and Yau, 1989). Kinetic and ventilation effects were neglected. At
2000K, the decay rate ranges from 4.40 x 10'4gs'1 for the largest capacitance, co-
efficient of diffusion, and constant of proportionality for the thermal conductivity, to
440x 1077 g s~ for the lowest of these three values. At 3000 K, the decay rate ranges
from 1.63 x 10'3gs'1 to 1.63 x 10'693'1. At 4000K, the decay rate ranges from
4.97 x 1072 to 4.97 x 10‘693‘1. Over the 100 ms interval that temperatures around
the lightning channel fall within this temperature range, 5 x 107 g ice crystals will sur-
vive at 4000 K, while 5 x 107° g ice crystals will survive at 2000 K. Ice crystals as small
as5x 1078 g may survive at 2000 K if the low end assumptions are valid, but this is an
uncertain result.

Since it cannot be assumed that ice crystals within the hot core of the lightning
channel are able to survive, an alternative process must be considered. Air within the
hot core mixes with surrounding air (Picone et al., 1981), providing a supply of reactants
in the near vicinity. Ice crystals in the surrounding corona sheath would survive, and are
still in sufficient proximity to the lightning channel to participate in catalytic reactions.
Therefore, only ice crystals within this annulus will be considered.

4 Calculations

First, the Eyring equation must be employed to determine the adsorption and desorp-
tion rates on the ice crystal surfaces. For this equation three pieces of information are
needed. The activation enthalpy and entropy are required to determine the fraction of
molecules that can participate in the reaction. Since reaction rates are temperature de-
pendent, the temperature around the ice crystal surface must also be known (Laidler,
2003).

12653

Jadedq uoissnosiq | Jadeq uoissnosiq |  Jadeq uoissnosig | Jaded uoissnosig

ACPD
11, 12649-12670, 2011

Possible catalytic
effects of ice
particles

H. S. Peterson and
W. H. Beasley

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/12649/2011/acpd-11-12649-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/12649/2011/acpd-11-12649-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

For reactions that occur without breaking any chemical bonds, the activation energy
is zero. Since atomic nitrogen does not contain any bonds, there will be no activation
enthalpy or entropy associated with its adsorption onto an ice crystal surface. Hence,
we can assume that the adsorption rate is directly proportional to temperature, with
the constant of proportionality equaling the Boltzmann constant divided by the Planck
constant (Laidler, 2003).

For desorption, the process will involve breaking the bond between nitrogen and
oxygen. Therefore, there will be a nonzero activation enthalpy and entropy associated
with the desorption process. Since the change in enthalpy for adsorption is similar
to that of chemical bonds, the nitrogen-hydrogen surface bond should have similar
properties to those in ammonia. This gives a bond enthalpy of 390.88 kJ mol~!, and a
bond entropy of 101.54 kJ mol~'. The bond enthalpy for the nitrogen-hydrogen bond in
ammonia is in close agreement with the average bond enthalpy of a nitrogen-hydrogen
bond, which is 391 kJ mol ™" (Silberberg, 2003).

A temperature for adsorption and desorption must also be determined. Crystal habit
diagrams give a temperature range of —10 to —20 °C, or 253 to 263 °K, for the formation
of dendrites. A value of 260 K will be used, to simplify calculations (Rogers and Yau,
1989).

With these values in place, the adsorption and desorption constants may be calcu-
lated. The adsorption constant will equal 5.42 x 10"2s™". Since the Gibbs activation
energy associated with desorption leading to the formation of nitrogen molecules and
NO is also zero, desorption by these processes also occurs at 5.42 x 10"2s™! (Laidler,
2003).

Before the adsorption isotherm can be determined, the concentration of nitrogen
atoms must be known. The volume to be considered is a cylinder as tall as the lightning
discharge, and encompassing an area in and immediately around the lightning chan-
nel. Orville (1968) found that electron densities were 10%* electrons m~® for the first
five microseconds, and then decreased to 10? electrons m™> by 20—-30 microseconds.
It may be assumed as a first approximation that the number of electrons released from
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atoms equals the number of ions present. While this value is clearly an overestimate
given that molecules are also able to ionize, it provides an upper bound for determining
whether enough ice crystal surface sites are available to adsorb any and all nitrogen
atoms present. This approximation would give a total number of nitrogen atoms be-
tween 7.808 x 10 m™ and 7.808 x 10> m® (Stull, 2000). By comparison, air at the
surface contains 2.55 x 10%° molecules m™2. This means that even at the peak temper-
ature, no more than 12% of nitrogen molecules are dissociated in the lightning channel.
At a more intermediate height of three kilometers, with density at around 850¢g m'3,
5.6% of nitrogen molecules are dissociated.

As dimensions of the cylinder, a height of 10000 m is a valid approximation. The
radius of the cylinder is taken from the area of high pressure due to thermal expansion.
This area only reaches one to two centimeters across, so the radius of the cylinder is
set at 0.01 meters. A numerical simulation by Wang et al. (1998) gave NO, production
levels similar to experimental results when setting the radius of the leader core equal
to this value. r =0.01 m gives a cross-sectional area of 3.14 x 107 m2, and a volume
of 3.14m?. Using a nitrogen atom density taken from the peak electron density, this
gives a total number of nitrogen atoms as 2.45 x 10%* in the lightning channel.

Next, the adsorption isotherm is to be calculated. K the ratio of the adsorption rate
to the desorption rate, is 1. [N], as before, is 1.30 moles of nitrogen atoms m~3. Using
these values, the adsorption isotherm is equal to 0.56, meaning just over half of the
surface sites will adsorb nitrogen atoms.

The number of ice crystals that are available to adsorb nitrogen atoms is another
variable to be considered. In a cylinder immediately surrounding the lightning channel,
ice crystals should survive long enough to take part in catalytic reactions. Since the
air well away from the channel is too cool to allow nitrogen atoms to survive for a
sufficiently long period of time for adsorption, the radius of this larger cylinder is set
at 0.1 m, one order of magnitude greater than the thickness of the lightning channel.
Removing the volume of the inner cylinder, the outer cylinder has a volume of 311 m?.
Concentrations of ice crystals in clouds have been measured in the range between
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0.01 crystals per liter to 100 crystals per liter, or between 10 and 10° crystals per cubic
meter. This would give a number of adsorbing ice crystals ranging between 3.11 x 10°
and 3.11 x 10", Given the total number of nitrogen atoms formed from dissociating
nitrogen molecules in the lightning channel, this gives a number of nitrogen atoms per
ice crystal between 7.9 x 10?2 and 7.9 x 10%°.

This number needs to be compared to the total number of surface sites available on
an ice crystal. The first step in determining the number of surface sites is to calculate
the surface area of a dendrite. Rogers and Yau (1989), when looking at the growth of a
dendrite through the ice-crystal process, start with a crystal mass of 1078 g. This gives
a radius of 1.62 x 10> cm, or 1.62 x 107> m.

However, a dendrite is clearly not a sphere. Based on the picture in Figure 13, a
dendrite can be approximated by three intersecting cylinders, each having a length
equal to twice the radius of the circumscribing sphere, or 3.24 x 10™°m. The radius
of each cylinder can be derived from the mass of the ice crystal. Assuming ice-l to
have a density of 0.9290m'3, the volume of the crystal will be 1.09 x 107" m®. The
total surface area of this approximated dendrite will be 3.65 x 1079 m? (de Pater, 2001).
Given the more complicated geometry of a dendrite, this is likely an underestimate of
dendrite surface area.

Ice-l, the common form of ice that occurs at temperatures and pressures present
in Earth’s troposphere, has a tetrahedral structure with each oxygen atom surrounded
by four other oxygen atoms arranged as the vertices of a tetrahedron (Laidler, 2003).
Based on this structure, let us assume that the number of water molecules on the
outer surface will equal the number of surface sites upon which nitrogen atoms can
be adsorbed. With the separation between water molecules equal to 0.276 nm in ice-l,
each dendrite will contain 4.74 x 10'° surface sites, far fewer than the number of nitro-
gen atoms available for adsorption. Since a smaller dendrite radius was chosen, the
upper estimate of ice crystal density, 3.11 x 10’ crystals will be used. This results in
an estimate of 1.47 x 10'® surface sites, or 2.45 x 10~® moles of surface sites, avail-
able around the lightning channel for adsorption of nitrogen atoms, as compared to
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7.9 x 10%2 nitrogen atoms available for adsorption (Laidler, 2003). The total number of
surface sites containing nitrogen atoms will be given by the concentration of nitrogen
atoms at that temperature.

The initial concentration of oxygen atoms is another variable affecting NO production
rates. The fraction of oxygen molecules in a lightning discharge channel dissociated
into oxygen atoms will be temperature dependent. Similarly, the fraction of the nitrogen
molecules will also be temperature dependent. Let us assume that at f = 0s, all initial
dissociation of nitrogen and oxygen molecules has already taken place.

With this in mind, the concentration of NO depends on the rate of dissociation and
recombination of oxygen between molecules and atoms, given by k, and k_,, and on
two more sets of reaction steps, which are different for the catalyzed and uncatalyzed
reaction mechanisms. For the uncatalyzed reaction, the other reaction steps are the
dissociation and recombination of nitrogen between molecules and atoms, with rates
k4 and k_4, the combination of nitrogen and oxygen atoms into NO with rate k3, and the
reverse reaction which is the breaking up of NO into nitrogen and oxygen atoms with
rate k_s. For the catalyzed reaction, the second reaction step involves free nitrogen
atoms striking the adsorbed nitrogen atoms to form nitrogen molecules, with rate k,,
and the dissociation of nitrogen molecules to form adsorbed nitrogen atoms, with rate
k_4. The third reaction step will involve the combination of adsorbed nitrogen atoms
with free oxygen atoms to form NO, with rate k5, and the breaking up of NO to form
free oxygen atoms and adsorbed nitrogen atoms, with rate k_5. Further, the reactions
for uncatalyzed NO production as well as the adsorption and desorption rates, given
by kg and k_g, must be considered. To simplify the equations dictating the kinetics of
these reactions, the steady state approximation is employed. For both the uncatalyzed
and catalyzed reaction, d[N]/dt = 0 for temperatures below 5000 K is the approximation
used.

N, — 2N (R1)

0, —20 (R2)
12657
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N+O—NO (R3)
H,ON+N — N,O+N, (R4)
H,ON + 0O — H,0 +NO (R5)
H,O +N — H,ON (R6)

To account for the variability in NO production rates due to temperature, temperatures
of 2000 K, 3000 K, and 4000 K were used, all within the temperature range for which
the steady state assumption is valid. The surface of the ice crystal was assumed to
remain at 260 K, since any heat released by adsorbing nitrogen atoms would be spread
throughout the crystal. At this temperature adsorbed nitrogen is continuously being
removed as N, and NO, while new nitrogen atoms are continuously being adsorbed
(Silberberg, 2003).

5 Results and discussion

For the uncatalyzed reaction, the rate of NO production is given by
d[NOJ]/dt = ky[N] - k_yINJ? (1)

It might seem counterintuitive at first that the rate of NO production does not depend
on the concentration of oxygen atoms. However, the concentration of oxygen atoms far
exceeds the concentration of nitrogen atoms over the temperature range in considera-
tion. Therefore, nitrogen atoms are the limiting reagent. Direct integration gives

[NOJ = (k4[No] - k_1[NJ?) x ¢ ()

assuming zero production of NO at £ =0s. This equation is limited by not taking into

account the limited availability of nitrogen atoms, but gives useful information about NO

production. For a time interval of 50 milliseconds, a constant temperature of 2000 K
12658
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gives a total NO concentration of 9.92 x 10"®molm™. Increasing the temperature to

3000K increases the production rate of NO such that the total number of available
nitrogen atoms is converted to NO in 2.60 x 107%s. At4000K, NO production rates are
the greatest (Table 2), in agreement with Picone et al. (1981). It should again be noted
that total conversion of nitrogen atoms does not imply total conversion of all nitrogen to
NO; the quantity of NO produced is limited by the dissociation of nitrogen molecules.

For the catalyzed reaction, the rate of NO production is given by an exponential
relationship:

[NO] = exp[—((k_5 — k5) x [HoO] x £)] + (k1 [No] — & _4 [N]2 + k_4[HoO][N,]
—k4[HOH — N][N]) + k_g[HOH — N] - kg[H,O]IN] /(= ((k_5 — k5) x [H,O])) 3)

At a constant temperature of 2000 K, all the available nitrogen in the cylinder around
the lightning channel is converted to NO in 3.77 x 107" s. Thus, catalytic production of
NO is significantly greater than uncatalyzed production at this temperature (Table 2).
At 3000 K, all the nitrogen atoms are converted to NO in 2.81 x 1077 s, also indicating
more rapid NO production from the catalyzed reaction steps at this temperature. At
4000 K, consumption of NO occurs, and in fact any NO existing at 4000 K will be con-
sumed; as a result, the concentration of NO will drop to zero. Thus, temperatures that
favor rapid NO production without ice crystals adsorbing nitrogen atoms are unfavor-
able for NO production in the presence of ice crystals.

This consumption by the catalytic reaction steps at 4000 K occurs as a consequence
of Le Chatelier’s principle. At temperatures above 3290K, N + O is favored over NO in
reaction three. As a result, the adsorption of nitrogen atoms onto ice crystals shifts the
equilibrium position toward the reactants, consuming NO. At 2000 K NO is thermody-
namically favored over N+O, and this effect is small.

As shown by Uman (1984), on average, temperatures fall to 4000K in 10 ms, to
3000K in 20 ms, and to 2000 K in 50 ms, assuming a channel radius of 1 cm. It should
be noted that recent results of Walker (2010a) indicate that every lightning channel has
a unique temperature profile. Since the time period for which catalyzed NO production
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will take place is greater, overall NO production over all temperatures will be greater for
the catalyzed reaction steps than in the uncatalyzed reaction. If experiments were to
confirm the catalytic reaction steps outlined above, then it would be clear that theories
of NO production based solely on the presence of nitrogen and oxygen molecules
would result in underestimates of total NO production.

Using the smaller ice crystal density of 10 crystals per cubic meter substantially
reduces the catalyzed production of NO at 2000 K and 3000 K. At 2000 K, the catalyzed
NO production consumes all the available nitrogen in 3.76 x 1073 s, four orders of
magnitude more slowly than with a higher ice crystal density. At 3000K, catalyzed
NO production consumes all available nitrogen in 2.81 x 1073 s, also four orders of
magnitude more slowly than with the higher ice crystal density. In fact, uncatalyzed
production of NO will occur more quickly than catalyzed production at 3000 K, due to
the lower temperature of adsorbed nitrogen atoms (260 K). At 4000K, the catalyzed
consumption rate decreases by four orders of magnitude.

Using an ice crystal of mass of 107 g, an increase in mass of four orders of magni-
tude increases the dendrite surface area by three orders of magnitude. This will have
the same effect as increasing the ice crystal density by three orders of magnitude.
Setting the crystal density as a constant, catalyzed NO production rates are three or-
ders of magnitude higher for the larger dendrites than for the smaller dendrite size, at
both 2000 K and 3000 K. At 4000K, the rate of consumption by the catalytic reaction
mechanisms will increase by four orders of magnitude.

Yet another uncertain assumption concerns the nature of the nitrogen-hydrogen sur-
face bond. Let us assume a hydrogen bond instead of a chemical bond. The enthalpy
and entropy of breaking this bond can be calculated from the properties of vaporiza-
tion of ammonia. At 260K only about three of every seven surface sites will contain
adsorbed nitrogen, at equilibrium (Shriver, 1999).

Using a hydrogen bond model does not significantly affect catalytic NO production
at 2000 K, with all available nitrogen atoms consumed in 3.76 x 10~"s. At 3000 K,
NO production consumes all available nitrogen atoms in 2.50 x 107"s, also roughly the
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same as for a chemical bond. The most significant difference occurs at 4000 K. Instead
of NO consumption, all the available nitrogen atoms are consumed for NO production
in1.9x 107" s. This production rate is still slower than for uncatalyzed NO production.
It is assumed that the equilibrium shift for NO is still hindering the catalytic reaction
mechanisms at 4000 K.

6 Conclusions

It is reasonable to conclude that NO, may be produced in the atmosphere through a
wide variety of reaction mechanisms. High temperatures, such as those present in
lightning, may dissociate N, and start the process of NO, formation. It is hypothe-
sized that ice crystals, if present in the region of a lightning discharge channel, could
play a catalytic role in the formation of NO,, and so would increase the production
of NO, species. Rates of production for NO, both with and without ice crystal catal-
ysis, are compared for constant temperatures of 2000K, 3000K, and 4000K over
50 milliseconds.

At 2000K ice crystals play a catalytic role, increasing NO production many times
over rates seen in the absence of catalysis. At 3000K ice crystals also catalyze NO
production, but by only one order of magnitude above the uncatalyzed NO production.
At 4000K NO is consumed in the catalyzed reaction, while it is produced at a rapid
rate by the uncatalyzed reaction steps. The production rates are strongly dependent
on both the ice crystal mass and number density. The nature of the nitrogen-hydrogen
bond does not significantly affect catalyzed NO production at 2000 or 3000 K, but as-
suming a hydrogen bond rather than a chemical bond results in production rather than
consumption of NO at 4000 K.

Since the lightning channel spends more time at lower temperatures, it is reasonable
to speculate that the catalytic production mechanisms win out, producing more NO than
the uncatalyzed reaction. However, it appears that the difference in total production
is not enough to account for the differences in CG and IC lightning NO, production
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ratios reported in previous studies. It may be that additional ice crystal mechanisms
affect lightning NO, production or that more detailed modeling of the processes than
attempted here might yield different results.

As future spectroscopic measurements of lightning temperature are gathered, an av-
erage channel temperature as a function of time will be obtained. With this information,
the total NO production over the duration of the lightning event may be determined, so
that better estimates of the total increase in catalyzed NO production over uncatalyzed
production per flash may be possible.

Acknowledgements. We would like to thank David Karoly and Charles Rice for helpful com-
ments that served to further the development of this work. This work was supported in part
by NSF grant ATM0075727, and by an appointment to the NASA Postdoctoral Program at the
Marshall Space Flight Center, administered by Oak Ridge Associated Universities through a
contract with NASA.

References

Beirle, S., Spichtinger, N., Stohl, A., Cummins, K. L., Turner, T., Boccippio, D., Cooper, O.
R., Wenig, M., Grzegorski, M., Platt, U., and Wagner, T.: Estimating the NO, produced by
lightning from GOME and NLDN data: a case study in the Gulf of Mexico, Atmos. Chem.
Phys., 6, 1075-1089, doi:10.5194/acp-6-1075-2006, 2006.

Beirle, S., Huntrieser, H., and Wagner, T.: Direct satellite observation of lightning-produced
NO,, Atmos. Chem. Phys., 10, 10965—10986, doi:10.5194/acp-10-10965-2010, 2010.

Boudart, M.: Turnover rates in heterogeneous catalysis, Chem. Rev., 95, 3, 661-666. 1995.

Bucsela, E. J., Pickering, K. E., Huntemann, T. L., Cohen, R. C., Perring, A., Gleason, J. F,
Blakeslee, R. J., Albrecht, R. I., Holzworth, R., Cipriani, J. P, Vargas-Navarro, D., Mora-
Segura, |., Pacheco-Hernandez, A., and Laporte-Molina, S.: Lightning-generated NO, seen
by the Ozone Monitoring Instrument during NASA’s Tropical Composition, Cloud and Climate
Coupling Experiment (TC*), J. Geophys. Res., 115, D00J10, doi:10.1029/2009JD013118,
2010.

Chameides, W. L.: Production of CO, H,, and other trace gases by atmospheric lightning,
Transactions, Amer. Geophys. Un., 59, 1150-1150, 1979.

12662

Jadedq uoissnosiq | Jadeq uoissnosiq |  Jadeq uoissnosig | Jaded uoissnosig

ACPD
11, 12649-12670, 2011

Possible catalytic
effects of ice
particles

H. S. Peterson and
W. H. Beasley

1] i


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/12649/2011/acpd-11-12649-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/12649/2011/acpd-11-12649-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.5194/acp-6-1075-2006
http://dx.doi.org/10.5194/acp-10-10965-2010
http://dx.doi.org/10.1029/2009JD013118

10

15

20

25

30

Chameides, W., Stedman, D., Dickerson, R., Rusch, D., and Cicerone, R.: NO, production in
lightning, J. Atmos. Sci., 34, 143— 49, 1977.

Cohen, R. C. and Murphy, J. G.: Photochemistry of NO, in earth’s stratosphere: constraints
from observations, Chem. Rev., 103, 12, 4985-4998, 2003.

Cook, D. R, Liaw, Y. P, Sisterson, D. L., and Miller, N. L.: Production of nitrogen oxides by a
large spark generator, J. Geophys. Res., 105, 7103-7110, 2000.

Cooray, V., Rahman, R., and Rakov, V.: On the NO, production by laboratory electrical dis-
charges and lightning, J. Atmos. Solar-Terr. Phys., 71, 1877-1889, 2009.

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

DeCaria, A. J., Pickering, K. E., Stenchikov, G. L., Scala J. R., Stith, J. L., Dye, J. E., and
Laroche, B. A. R. P.: A cloud-scale model study of lightning-generated NO, in an individual
thunderstorm during STERAO-A, J. Geophys. Res., 105, 11601-11616, 2000.

de Pater, |. and Lissauer, J. J.: Planetary Sciences, Cambridge University Press, Cambridge,
528 pp., United Kingdom, 2001.

Drapcho, D. L., Sisterson, D., and Kumar, R.: Nitrogen fixation by lightning activity in a thunder-
storm, J. Geophys. Res., 19, 729-734, 1983.

Fehr, T., Holler, H., and Huntrieser, H.: Model study on production and transport of
lightning-produced NO, in a EULINOX supercell storm, J. Geophys. Res., 109, D09 02,
doi:10.1029/2003JD003935, 2004.

Franzblau, E. and Popp, C. J.: Nitrogen oxides produced from lightning, J. Geophys. Res., 94,
11089-11104, 1989.

Hallett, J. and Garner, B. W.: Measurement of growth and density of dendrite crystals, 13th
AMS Conference on Cloud Physics, Portland, OR, 2010.

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

Huntrieser, H., Feigl, C., Schlager, H., Schroder, F., Gerbig, C., van Velthoven, P, Flatay, F,
Thery, C., Petzold, A., Holler, H., and Schumann, U.: Airborne measurements of NO,, tracer
species, and small particles during the European Lightning Nitrogen Oxides Experiment, J.
Geophys. Res., 107, 4113, doi:10.1029/2000JD000209, 2002.

Imbihl, R. and Ertl, G.: Oscillatory kinetics in heterogeneous catalysis, Chem. Rev., 95, 3,
697-733, 1995.

Jourdain, L., Kulawik, S. S., Worden, H. M., Pickering, K. E., Worden, J., and Thompson, A.
M.: Lightning NO, emissions over the USA constrained by TES ozone observations and

12663

Jadedq uoissnosiq | Jadeq uoissnosiq |  Jadeq uoissnosig | Jaded uoissnosig

ACPD
11, 12649-12670, 2011

Possible catalytic
effects of ice
particles

H. S. Peterson and
W. H. Beasley

1] i


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/12649/2011/acpd-11-12649-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/12649/2011/acpd-11-12649-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/2003JD003935
http://dx.doi.org/10.1029/2000JD000209

10

15

20

25

30

the GEOS-Chem model, Atmos. Chem. Phys., 10, 107-119, doi:10.5194/acp-10-107-2010,
2010.

Klimisch, R. L. and Larson, J. G.: The Catalytic Chemistry of Nitrogen Oxides, 340 pp., Plenum
Press, New York.

Koshak, W. J., Peterson, H. S., McCaul, E. W., and Biazar, A.: Estimates of the lightning
NO, profile in the vicinity of the North Alabama Lightning Mapping Array, 2010 International
Lightning Detection Conference, Orlando, Florida, 2010.

Kowalczyk, M. and Bauer, E.: Lightning as a source of NO, in the troposphere, Technical Mem-
orandum ORNL/TM-2001/268, Federal Aviation Administration, Oak Ridge, Tenn., 1982.
Kumar, P. P., Manohar, G. K., and Kandalgaonkar, S. S.: Global distribution of nitric-oxide pro-
duced by lightning and its seasonal variation, J. Geophys. Res., 100, 11203-11208, 1995.
Labrador, L. J., von Kuhimann, R., and Lawrence, M. G.: The effects of lightning-produced NO,
and its vertical distribution on atmospheric chemistry: sensitivity simulations with MATCH-

MPIC, Atmos. Chem. Phys., 5, 1815-1834, doi:10.5194/acp-5-1815-2005, 2005..

Laidler, K. J., Meiser, J. H., and Sanctuary, B. C.: Physical Chemistry, 4th ed., 1060 pp.,
Houghton Mifflin Company, Boston, 20083.

Lawrence, M. G., Chameides, W. L., Kasibhatla, P. S., Levy II, H., and Moxim, W.: Lightning
and atmospheric chemistry: The rate of atmospheric NO production, |, 189-202, CRC Press,
Inc., 1995.

Levine, J. S., Rogowski, R. S., Gregory, G. L., Howell, W. E., and Fishman, J.: Simultane-
ous measurements of NO,, NO and O3 production in a laboratory discharge: Atmospheric
implications, Geophys. Res. Lett., 8, 357-360, 1981.

Nesbitt, S. W., Zhang, R., and Orville, R. E.: Seasonal and global NO, production by lightning
estimated from the Optical Transient Detector (OTD), Tellus B, 52, 1206—1215, 2000.

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

Orville, R. E.: A high-speed time-resolved spectroscopic study of the lightning return stroke:
Part Il. A quantitative analysis, J. Atmos. Sci., 25, 839-851, 1968.

Orville, R. E.: A high-speed time-resolved spectroscopic study of the lightning return stroke:
Part 1ll. A time-dependent model, J. Atmos. Sci., 25, 85-2-856, 1968.

Ott, L. E., Pickering, K. E., Stenchikov, G. L., Allen, D. J., DeCaria, A. J., Ridley, B., Lin, R.-F,
Lang, S., and Tao, W.-K.: Production of lightning NO, and its vertical distribution calculated
from three-dimensional cloud-scale chemical transport model simulations, J. Geophys. Res.,

12664

Jadedq uoissnosiq | Jadeq uoissnosiq |  Jadeq uoissnosig | Jaded uoissnosig

ACPD
11, 12649-12670, 2011

Possible catalytic
effects of ice
particles

H. S. Peterson and
W. H. Beasley

1] i


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/12649/2011/acpd-11-12649-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/12649/2011/acpd-11-12649-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.5194/acp-10-107-2010
http://dx.doi.org/10.5194/acp-5-1815-2005

10

15

20

25

30

115, D04301, doi:10.1029/2009JD011880, 2010.

Peyrous, R. and Lapyere, R. M.: Gaseous products created by electrical discharges in the
atmosphere and condensation nuclei resulting from gaseous-phase reactions, Atmos. Envi-
ron., 6, 959-968, 1982.

Picone, J. M., Boris, J. P, Greig, J. R., Raleigh, M., and Fernsler, R. F.: Convective cooling of
lightning channels, J. Atmos. Sci., 38, 2056-2062, 1981.

Price, C., Penner, J. and Prather, M.: NO, from lightning, 1. Global distribution based on light-
ning physics, J. Geophys. Res., 102(5), 5929-5941, 1997.

Rahman, M., Cooray, V., Rakov, V. A., Uman, M. A., Liyanage, P., DeCarlo, B. A., Jerauld, J.,
and Olsen lll, R. C.: Measurements of NO, produced by rocket-triggered lightning, Geophys.
Res. Lett., 34, L03816, doi:10.1029/2006GL027956, 2007.

Rakov, V. A., Uman, M. A., Rambo, K. J., Fernandez, M. |., Fisher, R. J., Schnetzer, G. H.,
Thottappillil, R., Eybert-Berard, A., Berlandis, J. P, Lalande, P.,, Bonamy, A., Laroche, P., and
Bondiou-Clergerie, A.: New insights into lightning processes gained from triggered-lightning
experiments in Florida and Alabama, J. Geophys. Res., 103, 14117-14130, 1998.

Ridley, B., Ott, L., Pickering, K., Emmons, L., Montzka, D., Weinheimer, A., Knapp, D., Grahek,
F., Li, L., Heymsfeld, G., McGill, M., Kucera, P., Mahoney, M. J., Baumgardner, D., Schultz,
M., and Brasseur, G.: Florida thunderstorms: A faucet of reactive nitrogen to the upper
troposphere, J. Geophys. Res., 109, D17305, doi:10.1029/2004JD004769, 2004.

Rogers, R. R. and Yau, M. K.: A Short Course in Cloud Physics, 3rd ed., 290 pp., Butterworth-
Heinemann, Woburn, Massachusetts, 1989.

Schumann, U. and Huntrieser, H.: The global lightning-induced nitrogen oxides source, Atmos.
Chem. Phys., 7, 3823-3907, doi:10.5194/acp-7-3823-2007, 2007.

Seader, J. D. and Henley, E. J.: Separation Process Principles, 886 pp., John Wiley & Sons,
Inc., New York, 1998.

Shriver, D. F. and P. Atkins: Inorganic Chemistry, 3rd ed., 763 pp., W. H. Freeman and Company,
New York, 1999.

Silberberg, M. S.: Chemistry: The Molecular Nature of Matter and Change, 3rd ed., 1084 pp.,
McGraw-Hill Companies, Inc., New York, 2003.

Sisterson, D. L. and Liaw, Y. P.: An evaluation of lightning and corona discharge on thuderstorm
air and precipitation chemistry, J. Atmos. Chem., 10, 83—96, 1990.

Stull, R. B.: Meteorology for Scientists and Engineers, 2nd ed., 502 pp., Brooks/Cole, Pacific
Grove, California, 2000.

12665

Jadedq uoissnosiq | Jadeq uoissnosiq |  Jadeq uoissnosig | Jaded uoissnosig

ACPD
11, 12649-12670, 2011

Possible catalytic
effects of ice
particles

H. S. Peterson and
W. H. Beasley

1] i


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/12649/2011/acpd-11-12649-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/12649/2011/acpd-11-12649-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/2009JD011880
http://dx.doi.org/10.1029/2006GL027956
http://dx.doi.org/10.1029/2004JD004769
http://dx.doi.org/10.5194/acp-7-3823-2007

10

Tuck, A. F.: Production of nitrogen-oxides by lightning discharges, Q. J. Roy. Meteor. Soc., 102,
749-755, 1976.

Uman, M. A.: Lightning, 320 pp., Dover Publications, New York, 1984.

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

Walker, T. D.: Triggered lightning spectroscopy, GLM Science Meeting, Huntsville, Alabama,
2010.

Walker, T. D., Hill, J. D., Jordan, D. M., Uman, M. A., and Christian, H.: Physical characteristics
of triggered lightning determined by optical spectroscopy, 2010 Fall Meeting of the American
Geophysical Union, San Francisco, California, 2010.

Wang, Y., DeSilva, A. W., Goldenbaum, G. C., and Dickerson, R. R.: Nitric oxide formation by
simulated lightning: dependence of current, energy, and pressure, J. Geophys. Res., 103,
19149-19159, 1998.

12666

Jadeq uoissnosiq | Jadeq uoissnosiq | J4edeq uoissnosiq | Jaded uoissnosi(

ACPD
11, 12649-12670, 2011

Possible catalytic
effects of ice
particles

H. S. Peterson and
W. H. Beasley

1] i


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/12649/2011/acpd-11-12649-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/12649/2011/acpd-11-12649-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

Table 1. A comparison of NO, per flash from several studies. Some values were adapted from
Labrador et al. (2005). For values given in papers as NO,/m, a flash is assumed to be 10 km in

length.

First author Year Methodology Molecules/flash Moles/flash
Huntrieser 2002  Field study 2.70x10?"  4.48x107°
Levine 1981 Laboratory 5.00 x 1024 8.30
Kumar 1995  Field study 5.00 x 1024 8.30
Dawson 1980 Theoretical 8.00x1024 13.28
Beirle 2010 Satellite 1.00x 10%® 16.61
Tuck 1976 Theoretical 1.10x 10%® 18.27
Hill 1980 Theoretical 1.20x 10%® 19.93
Koshak 2010 Theoretical 1.40915x 10% 23.40
Cooray 2009 Theoretical 2.00x 10%® 33.21
Lawrence 1995 Review 2.30x 10%® 38.19
Nesbitt 2000 Field study 2.665x 10 44.25
Wang 1998 Laboratory 3.10x 10%® 51.48
Peyrous 1982 Laboratory 3.20x 10%® 53.14
Ridley 2004 Field study 3.20x 10%® 53.14
Beirle 2006 Satellite 5.40 x 10%° 89.67
Sisterson 1990 Theoretical 8.20 x 10%° 136.17
Noxon 1976  Field study 1.00x 10% 166.06
Chameides 1977 Theoretical 1.00x 10%° 166.06
Kowalczyk 1982 Theoretical 1.00x10% 166.06
Bucsela 2010 Field study 1.05x 10% 174.36
Schumann 2007 Review 1.50x 10%® 249.09
DeCaria 2000 Theoretical 1.56 x 10% 258.39
Fehr 2004 Field study 2.10x 10% 348.72
Rahman 2007 Field study 2.40x 10% 398.54
Chameides 1979 Theoretical 2.50x 10% 415.14
Ott 2010 Theoretical 3.011x10% 500.00
Jourdain 2010 Theoretical 3.13144 x 10%° 520.00
Drapcho 1983  Field study 4.00x 10% 664.23
Franzblau 1989 Field study 3.00x 10%7 4981.73
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Table 2. NO production rates for catalyzed and uncatalyzed reaction mechanisms at 2000,

3000 and 4000 K. Numbers indicate how quickly equilibrium NO concentration is obtained.

Temperature  Uncatalyzed NO Catalyzed NO

2000K Limited production 3.77x107"s

3000 K 2.60x107°s 281x107"s

4000K 1.49x 10705 NO consumption
12668

| Jadeq uoissnosigq | Jeded uoissnosiq | Jaded uoissnosiqg

Jaded uoissnasiq

ACPD
11, 12649-12670, 2011

Possible catalytic
effects of ice
particles

H. S. Peterson and
W. H. Beasley



http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/12649/2011/acpd-11-12649-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/12649/2011/acpd-11-12649-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

ACPD
11, 12649-12670, 2011

Jaded uoissnasiqg

Possible catalytic
effects of ice

July 31, 2010 Stroke 2 July 31, 2010 Stroke 12 particles
40000 40000 g
= H. S. Peterson and
35000 35000 r 3 @
° 2 W. H. Beasley
30000 ‘e
30000 ’V -]
*%e T
25000 P Q
25000 ‘ ©
20000 $Timefusivs o, * ® Time (us)vs -
K
SEHh * (k) 15000 \..
* § * O
10000 4 o)
[
*
o
5
[} T T * a R
@
Fig. 1. Decrease in temperature with time following a return stroke. Adapted from ! !
alker (20108). | Bak Closs
O
(7]
. ruisesen/Ess
(=
(2}
@,
o
- | priterendy Verson
5
Q
)
| Itersctve Disoussion

12669

(&)
()



http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/12649/2011/acpd-11-12649-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/12649/2011/acpd-11-12649-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

ACPD
11, 12649-12670, 2011

Jaded uoissnasig

Possible catalytic
effects of ice

o particles
(2]
= H. S. Peterson and
&, W. H. Beasley
2 S
E g
= .
2 -
< | Abstract  Itroducton
)
()]
§. ! !
U-n ' ] ' ) ' 1 ' 1 N ] ' ¥ -U
00 02 04 06 08 10 12 - e
Radius (length) ) ! !
Fig. 2. Sample dendritic ice crystal, taken from Hallett and Garner (2010). O ! !
&
2.
- Printerfriondy Version
T
Q
©
3
12670 _


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/12649/2011/acpd-11-12649-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/12649/2011/acpd-11-12649-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

