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1. Introduction

[1] Knowing the importance of lightning for global
atmospheric NOx production, it is natural to ask how tran-
sient luminous events (TLEs) like sprites and jets influence
the NOx content of higher atmospheric layers. This question
has been addressed in the past in particular for sprites as
they are much more frequent than jets [Chen et al., 2008].
Methods included calculation based estimates on the one
hand [Sentman et al., 2008; Gordillo‐Vazquez, 2008;
Neubert et al., 2008; Enell et al., 2008], and observation
based estimates on the other hand [Arnone et al., 2008].
Peterson et al. [2009] try to address the question through
laboratory experiments.
[2] While such a study is certainly a desirable comple-

ment to calculations and observations, it will never perfectly
model atmospheric conditions and therefore requires care
when extrapolating to TLEs. Nevertheless, we argue that
Peterson et al. [2009] have made several basic conceptual
errors, and their study therefore cannot be used for this
purpose. The conceptual errors lie (1) in the assumption that
it would be sufficient to characterize a discharge only by
pressure and current, not distinguishing basically different
discharge types, (2) in a wrong application of the similarity
laws relating transient cold discharges at different pressures,
(3) in a confusion of individual streamer channels within a
sprite with carrot sprites as a whole, and (4) in an overes-
timation of the (local) duration of sprite activity by a few
orders of magnitude. Furthermore, we have found a grave
calculation error regarding scaling, which has a direct
influence on important results reported in this paper.

2. Similarities Between Experiments and Real
TLEs

[3] One can use Townsend scaling to compare laboratory
and real TLE discharges when the two discharges are of a
similar kind and both are dominated by two‐body collisions
(as is the case for the propagating heads of streamers and
sprites). As was shown by Briels et al. [2008], it is possible
to define properties like the reduced diameter (n × d, with n

the air density and d the streamer diameter) that are inde-
pendent of pressure for a large pressure range.
[4] Further extension of this scaling predicts how current,

current density, propagation velocity and more parameters
of streamer‐like discharges scale with air density. All sim-
ilarity laws are based on the mean free path length of an
electron between collisions with the neutral gas molecules.
Therefore, such scaling is only valid when the discharge is
dominated by such two‐body collisions. This is the case for
the active tips of streamers and sprites, but not for sparks,
leaders, jets and lightning return strokes.
[5] According to the similarity laws, if the same voltage is

applied, all length and time scales scale with the inverse
neutral gas density n. Currents are independent of n and
therefore current density scales with n2. Velocities are
independent of n. Townsend scaling for comparing streamer
experiments with sprites has been discussed, e.g., by Pasko
et al. [1998], Rocco et al. [2002], Liu and Pasko [2004],
Ebert et al. [2006], Luque et al. [2007], and Briels et al.
[2008]. A recent review of the applications and limits of
Townsend scaling is given by Ebert et al. [2010].
[6] In contrast, Peterson et al. [2009] propose that their

laboratory experiments are similar to real TLEs because they
have the same color, pressure, current density and emission
duration. In our view this is incorrect for the following reasons:
[7] 1. It is well known that lightning at (nearly) atmo-

spheric pressure develops in several stages: coronas of cold
streamer channels pave the way of hot leader channels, and
some leader channels later convert into a very hot return
stroke channel. All phases are clearly distinct in their tem-
perature, spectra and chemistry though they all evolve at the
same pressure. Therefore, it is clearly insufficient to charac-
terize a discharge only by pressure as Peterson et al. [2009]
do. Up to now it is frequently assumed that the return stroke
channel would be the main source of NOx production in
lightning, but that (implicit) hypothesis can be questioned.
[8] While it is commonly accepted that sprite discharges

are a form of streamer or corona discharges, Peterson et al.
[2009] explicitly mention that they want to avoid the occur-
rence of coronal discharges in their experiments (their para-
graph [19]). They claim that such coronal discharges produce
ozone and thus a higher proportion of NO2. But the laboratory
equivalent of sprites are just corona (or streamer) discharges.
[9] Peterson et al. [2009] stress that their experimental

discharges are similar to real TLEs, but this is only simi-
larity in a colloquial sense and does not involve the simi-
larity laws as discussed above. They do not use scaling laws
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to compare densities, current densities and dimensions of
their discharges with TLEs. The alternative for using scaling
laws is to exactly replicate (a part of) a real TLE discharge.
In this case the experimental gas density should be equal to
that of the TLE discharge. In Peterson et al.’s sprite simu-
lations this is not the case.
[10] From a plasma technological point of view, it should

be noted that streamer coronas are used for more than a
century to generate ozone for various disinfection purposes
[van Veldhuizen, 2000] while glow discharges or sparks
were clearly discarded for this purpose. The purely empiri-
cal finding that streamer coronas produce ozone in a very
efficient manner is recently being supported by systematic
analysis and subsequent technological improvement.
Through voltage pulses lasting only several tens of nano-
seconds, van Heesch et al. [2008] managed to convert more
than 50% of the electrical input energy into O* radicals. The
key to success was to power the discharge only during the
initial streamer phase while avoiding any secondary strea-
mers or gas heating. The underlying reason for this effi-
ciency is the electron energy distribution in the streamer
head with its high transient field; these electrons are very far
from any equilibrium as the reduced electric field E/n is
locally very high [Morrow, 1985; Dhali and Williams,
1987]. While (hot and slow) spark and lightning‐like dis-
charges can produce about 5 × 1016 molecules joule−1 of NO
[Levine et al., 1981], (cold and fast) corona or streamer
discharges like the ones produced by Peterson et al. [2009]
are often more efficient and can produce 7 × 1017 molecules
joule−1 or more.
[11] 2. Peterson et al. [2009] estimate the color of the

discharges from frames of a video of the discharge. In the
images given in Figure 7 of Peterson et al., it is clear that
the video is saturated in many cases. In these cases, it is
impossible to judge the color from the video. Furthermore,
just the fact that the color is similar is no proof that the
TLE discharge is similar.
[12] 3. Peterson et al. [2009] claim that their current

density is similar to sprite current density, but do not proof
this claim. There is not much literature on sprite current
density, but according to Cummer et al. [1998] the com-
bined current of all channels within a carrot sprite is 1.6–
3.3 kA. The sprite‐like discharges by Peterson et al. have
currents of order 10 A and a cross section of order 10−3 m2.
This gives a current density of 10 kA/m2. When we com-
bine this current density with the sprite current reported by
Cummer et al., this would give a sprite diameter of less
than 1 m. This is lower than estimates of the diameter of
one streamer channel in a sprite discharge (which is of
order 10–100 m). A real carrot sprite consists of hundreds
to ten thousands of these streamers. Therefore, we can
conclude that the current density in a real sprite is probably
at least 3 orders of magnitude lower than in the laboratory
discharges by Peterson et al. Note that even if the current
densities would be similar, but the gas density is not, the
discharges are not similar in the sense of Townsend scaling
as was discussed above.
[13] 4. In sprite discharges, most light is emitted by the

moving streamer head. This occurs on short time scales
(microseconds). The comparison of the duration of their
experiments by Peterson et al. [2009] with the 1–2 ms and
0.53 ms duration of sprites from Pasko [2007] is misleading.

Pasko mentions that the duration of order 1 ms is a time
integration over the motion of the sprite head (page S24 first
paragraph). Locally, the sprite channel will only emit light
on a time scale of order 1 ms (the length of the streamer head is
of order 10 m and its propagation velocity of order 107 m/s),
as was shown by fast imaging by McHarg et al. [2007].
[14] The ∼1 ms discharge produced in the lab by Peterson

et al. [2009] has very different time scales, and therefore
very different chemistry. In this long‐duration discharge,
multistep reactions become much more important, as there is
enough time for reaction products to react further. Such a
discharge is close to equilibrium, while a sprite (or streamer)
is a transient discharge that is very far from equilibrium. In a
semiequilibrium discharge, reactions of atoms, ions, radicals
and excited species become very important, while a transient
discharge is dominated by collisions of fast electrons with
neutral gas molecules in the ground state. The reaction pro-
ducts from these collisions only start to play a significant role
after the discharge has passed and therefore they are never
in equilibrium. Some examples of the different time scales
involved in the chemistry of a fast (nanosecond to micro-
second) pulse in air can be found in Figure 10 of Eliasson
et al. [1987] and Figure 5 of van Veldhuizen et al. [1996].
[15] Furthermore, Peterson et al. [2009] use a damped

oscillating voltage and current to drive their discharge (see
their Figure 5), while real blue jets and sprites have a pulse‐
like current of a single polarity. Proper comparison with
sprites or blue jets is only possible with a pulse forming
network. Examples of such pulse forming networks are C
supplies, transmission line transformers and Blumlein pul-
sers [Briels et al., 2006; Smith, 2002].
[16] 5. Peterson et al. [2009] mention in their paragraph

[22] that sprites consist of a series of streamers, each
hundreds of meters long and that this distance is required for
the electrons to reach equilibrium with the surrounding
electric field. In reality, the streamers in a sprite discharge are
tens of kilometers long (and tens to hundreds of meters
wide). On the other hand, Li et al. [2007] have shown that the
electron relaxation length at standard temperature and pres-
sure is about 1.5 mm. By applying Townsend scaling, we can
see that at 65 km (0.1 mbar), the electron relaxation length is
about 1.5 cm and at 80 km (0.01 mbar) it is about 15 cm.
Therefore sprite lengths and electron relaxation lengths are
not similar, but differ by 4–5 orders of magnitude.
[17] Summarizing, just the fact that there can be similar-

ities between carefully chosen laboratory experiments and
TLEs does not mean that all laboratory discharges represent
a real TLE. There are many different types of cold plasmas
and they can have vastly different chemistries. This can be
determined by pressure, discharge duration, repetition fre-
quency, discharge current density and more, none of which
the authors prove to be equal between their discharges and
real TLEs. The discharges described by Peterson et al. [2009]
do not represent real sprites or blue jets. Especially the current
duration and waveform in their experiment are very different
from those in a real TLE, even though the pressure, color, and
gas composition may be similar to TLEs.

3. Comparison Methods for NOx Production

[18] Peterson et al. [2009] use two methods to compare
the production of NOx by their laboratory discharges to real
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TLEs. In their first method they compare the energy con-
sumed by their discharges with estimates of the energy of a
real TLE. They take a lot of effort to measure the energy
dissipated by their laboratory discharge, but then compare
this to very rough estimates of TLE energies. These rough
estimates have been deduced from optical light emission
measurements.
[19] From recent observations by the ISUAL satellite

mission, Kuo et al. [2008] have calculated the average
energy emitted by a sprite discharge to be about 22 MJ. This
is close to estimations by Sentman et al. [2003] which have
a value of 1–10 MJ. Both are much lower than the older
rough estimates from Heavner et al. [2000] of 250 MJ to
1 GJ that are used by Peterson et al. [2009].
[20] As discussed above, van Heesch et al. [2008] have

shown that O* radical production efficiency of a discharge
can vary significantly as function of discharge parameters.
Cooray et al. [2009] show that also the NOx production
efficiency of electrical discharges not only depends on the
energy dissipated in the discharge but also on the shape of
the current waveform. This provides an explanation for the
different values of NOx molecules joule−1 obtained by dif-
ferent researchers in different experiments. Thus, according
to Cooray et al., energy dissipated in a discharge is not
suitable as the scaling quantity for extrapolating the labo-
ratory data to lightning flashes. We realize that Cooray et al.
appeared later than the paper by Peterson et al. [2009] but
similar reasoning was already presented by Cooray et al.
[2008].
[21] In our opinion, the statement by Cooray et al. [2008,

2009] that one can never extrapolate laboratory data to
lightning flashes is too strong and does not hold if the
laboratory discharges are really similar to the geophysical
discharges. For discharges that obey Townsend scaling [Ebert
et al., 2010], one can use scaling laws to extrapolate labora-
tory data to geophysical discharges (e.g., comparing streamer
discharges with sprites), as long as enough knowledge about
both discharges is present.
[22] The second comparison method by Peterson et al.

[2009] uses the geometric volume of the discharge to
compare laboratory discharges to real TLEs. Again, this
method has problems with good data from TLEs and de-
pends a lot on a few field measurements.
[23] In the case of sprites, Peterson et al. [2009] do not

distinguish clearly whether they use the complete volume of
one carrot sprite, the volume of one single sprite channel or
the volume of all sprite channels together. It seems that they
have used the diameter of a single sprite channel as esti-
mated by Pasko [2007], but that they did not multiply this
cross section by the number of channels in a single sprite.
They assume that Pasko’s “effective diameter” takes this
into account, while it does not, as it is the diameter of a
single streamer channel. In conclusion, both comparison
methods suffer from the same basic problem: in contradic-
tion to their claims, the laboratory experiments by Peterson
et al. are not similar to real TLEs and in their application of
scaling they make errors and leave uncertainties.

4. Calculation Error

[24] In their Table 3, Peterson et al. [2009] use the geo-
metric method to estimate the NOx production by a blue jet,

by assuming that the production is proportional to volume.
However, in their comparison of the two geometries, they
make a calculation error of 106. The estimations of blue jet
NOx should be 1.7 × 1028 to 6.4 × 1029 instead of 1.7 × 1022

to 6.4 × 1023. The value of 1.7 × 1022 molecules production
of NOx per blue jet event is one of the most important results
given in this paper and it is quoted both in the abstract and
in the conclusions. Changing this value to its proper result of
1.7 × 1028 would change some quantitative results in the
conclusions and abstract of the paper by 2–3 orders of
magnitude.

5. Conclusions

[25] Although we recognize that it is impossible to
reproduce exact atmospheric conditions in laboratory ex-
periments, we think laboratory experiments can definitely be
used to simulate many aspects of TLEs. However, this re-
quires great care and a good understanding of the relation
between the laboratory conditions and the TLE. We argue
that the arguments by Peterson et al. [2009] regarding the
similarities between their experiments and real TLEs and
their comparison methods for NOx production are not sup-
ported by good proof or evidence and are in many cases
clearly wrong. They use a discharge voltage and current that
is a few orders of magnitude longer than sprite and blue jet
pulse durations and oscillates instead of having a fixed
polarity.
[26] The grave calculation error by a factor 106 regarding

the geometric estimation of NOx production by a blue jet
disqualifies this paper further. This error affects an impor-
tant value discussed both in the abstract and in the conclu-
sions of the paper.
[27] For a proper laboratory measurement of NOx pro-

duction from sprites, it would be worthwhile to study the
efficiency of NOx production in a similar way as van Heesch
et al. [2008] have done for the O* production. In order to
scale the measured NOx production to that of TLEs, one
would need to combine results of well chosen discharge
experiments together with a review of the density depen-
dence of chemical models like used by Sentman et al. [2008]
and Gordillo‐Vazquez [2008].
[28] On the other hand, if one only wants to prove that jets

and sprites are no significant contributors to global NOx

production, a simple calculation would suffice. The highest
estimate of the energy of one sprite or blue jet is about 1 GJ
(which is probably an overestimate as we argued above). If
we assume that this 1 GJ is used to produce NO with an
enthalpy of formation of 90.29 kJ/mole at a 100% conver-
sion efficiency (a clear overestimate), then each such TLE
will produce 6.7 × 1027 molecules of NO. If we use NO2

instead of NO, this number would be about a factor three
higher as its enthalpy of formation is 33.1 kJ/mole.
[29] In any case, the resulting maximum (overestimated)

NOx production is similar or slightly higher than the results
of Peterson et al. [2009] and therefore would lead to the
same conclusion that TLEs do not significantly contribute to
global NOx production (when using the same assumptions
of TLE occurrence and global NOx production). Scaling of
results from laboratory experiments to TLE energies can
only give lower production estimates which will not change
this conclusion.
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