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Chapter 5

Global Lightning Nitrogen Oxides Production
William Koshak

5.1 The Importance of Lightning Nitrogen Oxides

The intense heating of air molecules by a lightning discharge and subsequent rapid
cooling of the hot lightning channel results in the production of nitrogen oxides [Chameides,
1986]. The lightning nitrogen oxides, or “LNOx” for brevity (where NOyx = NO + NO,),
indirectly influences our climate since these molecules are important in controlling the
concentration of ozone (Os3) and hydroxyl radicals (OH) in the atmosphere [Huntrieser et al.,
1998; see also Crutzen 1970, 1973, 1979; Chameides and Walker, 1973; Hidalgo and Crutzen,
1977]. Analyses of Tropospheric Emission Spectrometer (TES) data show that tropical upper
tropospheric ozone has the largest radiative impact [Aghedo et al., 2011]. In addition, the
distribution of ozone forcing can have a substantial influence on regional rainfall patterns, even
more so than its global mean annual average forcing would suggest [Shindell et al., 2012]. Since
LNOx controls ozone and is the most important source of NOy in the upper troposphere
(particularly in the tropics), lightning is important to climate [see the review by Schumann and
Huntrieser, 2007]. Furthermore, a substantial amount of LNOX is transported to higher latitudes
via the stratosphere, extending its influence even farther [Grewe et al., 2002; Grewe et al., 2004].

Observations of lightning provide one of the most vital, simple and direct means for
examining the spatial and temporal evolution of atmospheric convection across large geographic
regions. The cloud buoyancy that drives vertical motions in thunderstorms results from a
temperature differential on the order of only 1°C; this means that temperature perturbations of
this order are clearly important in the context of global warming [Williams, 2005].

In order to optimally track the co-varying nature of lightning and climate, and provide
useful indicators that help decision makers mitigate and adapt to adverse lightning-caused
impacts, it is important to employ satellite lightning data that provides not just ground flash
information, but also cloud flash information. Cloud flashes outnumber ground flashes over the
US by a factor of 2.94 to 1 on average [Boccippio et al., 2001], and this factor can exceed 70 for
individual severe storms [Carey and Rutledge, 1998; Figure 1la]. Indeed, cloud flash
information is required to fully assess lightning/climate covariance. Lightning is also uniquely
coupled to thunderstorm updraft intensity (as associated with extreme weather events), and to ice
precipitation based processes. Therefore, observations of lightning provide a simple and direct
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means of probing and tracking changes in both convection and convective cold cloud
precipitation.

Lightning nitrogen oxides affect the concentration of the greenhouse gas O; in the upper
troposphere where climate is most sensitive to Os. In particular, studies show that the LNOx can
act to enhance Os [e.g., Martin et al., 2000; Edwards et al., 2003], thereby leading to atmospheric
warming. Additional studies suggest that a warming climate leads to more lightning [Price and
Rind, 1994; Reeve and Toumi, 1999], and hence more LNOx. Thus, a positive feedback
mechanism exists: warming climate — increased frequency (and possibly intensity) of
thunderstorms — increased lightning — increased LNOx — increased O; — warming climate
(so cycle repeats). However, Williams [2005] suggests that although lightning is sensitive to
temperature on many time scales, the sensitivity appears to diminish at the longer time scales. In
addition, increases in cloud albedo due to increases in thunderstorm frequency/intensity would
result in a cooling that would oppose the cycle. Figure 5.1 puts these and other interconnections
into context, provides details on specific impacts and costs to humankind due to enhanced
lightning, and thereby highlights the overall significance of LNOx.

The 3 dashed arrows in Figure 5.1 are based on laboratory results. Petersen et al. [2008]
suggest that the presence of ice can increase the probability of lightning initiation (vertical
dashed arrow in Figure 5.1). Peterson and Beasley [2011] found that ice helps catalyze LNOy
formation (lower horizontal dashed arrow). Additionally, Peterson and Hallett [2012] found that
NO enhances ice crystal growth (upper horizontal dashed arrow).

The physical link between lightning and temperature is not only dependent on the
sensitivity of convection to temperature. Detraining thunderstorm anvils act as an “ice factory” at
tropopause levels and contribute to upper tropopause water vapor via sublimation [Baker et al.,
1995, 1999]. Price [2000] found excellent agreement between lightning activity and upper
tropopheric water vapor, which is a more important greenhouse substance than boundary layer
water vapor.

Other interconnections potentially exist. First, according to the IPCC Report [1995] and
Kunkel [2003], a warmer climate implies a larger number of extreme events (e.g., flash floods
and severe storms that are associated with much lightning). However, Williams [2005] indicates
that mean thunderstorm flash rates (a reasonable indicator of storm severity) is not larger in a
warmer climate. Second, a three-fold enhancement of ground flash lightning frequency over
Houston, TX has raised the issue of heat island and pollution effects [Huff and Changnon, 1972;
Orville et al., 2001; Steiger et al., 2002]. Albrecht et al. [2011] provides additional connections
between ground flash lightning and pollution/deforestation. Finally, increases in positive polarity
ground flashes (i.e., those that deposit positive charge to the Earth’s surface) have been attributed
to elevated equivalent potential temperatures [William et al., 2004, 2005], and to the
thunderstorm’s ingestion of smoke from fires [Lyons et al., 1998; Murray et al., 2000].

Emissions of lightning nitrogen oxides are not only important in global chemistry/climate
modeling, but are also important in regional air quality modeling; see for example the

importance of LNOX on air pollution control problems involving tropospheric ozone [Biazar and
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McNider, 1995]. The U.S. Environmental Protection Agency (EPA) Community Multiscale Air
Quality (CMAQ) modeling system is applied by federal, state, local agencies and other
stakeholders to evaluate the impact of air quality management practices for multiple pollutants at
a variety of spatio-temporal scales. The CMAQ improves the scientific understanding and
modeling capability of chemical and physical atmospheric interactions, and guides the
development of air quality regulations and standards. Specifically, many state and local air
quality agencies use the CMAQ modeling system to determine compliance with the National
Ambient Air Quality Standards (NAAQS). At the national level, billions of dollars in emission
reduction scenarios are tested using CMAQ, with an aim of determining the most efficient and
cost effective strategies for attaining the NAAQS. Therefore, improvements in the LNOx
emission inventory directly translate into appreciable cost savings.

5.2 Estimating Global Annual LNOx Production

5.2.1 Flash Extrapolation Method

The most common method for estimating the global annual LNOx production, the so-
called flash extrapolation method [Lawrence, 1995], is to employ the following formula [Liaw et
al., 1990]

G=yPF , (5.1)

where G is the global lightning NOy production per year (measured in teragrams of N per year,
1.e., Tg(N)/yr), P is the average NOy production per flash (in units of number of molecules per
lightning flash), and F is the global lightning flash rate (number of flashes per second). The
conversion factor y is the ratio of the atomic mass (M = 14.0067 grams per mole) of nitrogen to
Avogadro’s constant (N, = 6.02214129x10% molecules per mole) times (1 Tg/10'* grams) times
the number of seconds in a year (365.25 days/yr)(24 hrs/day)(3600 s/hr). This gives a value for y
of approximately 7.34 x 107* Tg(N) yr''/(molecule s™), where each molecule of NO or NO, has
one atom of nitrogen).

Often in the literature, the variables G and P are defined in terms of the production of
lightning NO instead of lightning NOy. But, the difference is fairly minor. According to the
chemiluminescent detector measurements of laboratory sparks made by Wang et al., [1998], it
was found that in all cases the NOy fraction was only about 5-10% greater than the NO fraction.
So “lightning NOy” and “lightning NO” are sometimes loosely used interchangeably in the
literature.

Variability in G is attributable in part to the variability in P. Several estimates of P by
various investigators have been summarized [Schumann and Huntrieser, 2007; Labrador et al.,
2004; Lawrence et al., 1995]. These estimates were inferred in a variety of ways: theoretical,
laboratory observations, field observations, and by synthesizing all or combinations of these
estimates. Table 5.1 provides a summary and an update of the various values of P obtained.

The variability in P has two basic sources. First, variability occurs due to the estimation
method employed. For example, laboratory sparks do not exactly simulate lightning discharges
and field observations of lightning are not as nicely controlled as in a laboratory setting. Rocket
triggered lightning experiments, such as in Uman et al. [1997], represent an interesting
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compromise between the two extremes of a laboratory setting and field observations of nature.
Second, some of the variability in the estimate of P is likely due to the natural variability of
lightning and the thunderstorm environment in which it occurs. Clearly, lightning channel
current, channel length, channel

Table 5.1. Comparison of LNO, estimates on a per flash basis from several studies (adapted from
Peterson and Beasley [2011] and Koshak et al. [2013], but expanded with additional entries from
Schumann and Huntrieser[2007] and with updates for the LNOM results; see section 5.4 for a
discussion of LNOM data analyses). Values with asterisks are from Schumann and Huntrieser [2007]
that differed from summary values given in Lawrence et al. [1995], Labrador et al. [2004], or
Peterson and Beasley [2011].
P
Study Methodology (x 10* molecules P/Na
per flash) (moles/flash)
Noxon [1976] Field Observations 10 166.05
Tuck [1976] Theoretical 1.1 18.27
Chameides et al. [1977] Theoretical 6-14 99.63-232.48
Chameides [1979] Theoretical 16-34 265.69-564.58
Hill et al. [1980] Theoretical 1.2, 6* 19.93, 99.63*
Dawson [1980] Theoretical 0.8, 4* 13.28, 66.42%*
Levine [1981] Laboratory 0.5 8.30
Hameed et al. [1981] Review & NO, model 0.74 12.29
Kowalczyk & Bauer [1982] Theoretical 10 166.05
Peyrous & Lapeyre [1982] Laboratory 3.2, 2.8* 53.14, 46.50*
Drapcho et al. [1983] Field Observations 40, (10-80)* 664.22 (166.05-1328.43)*
Borucki & Chameides [1984] Theoretical & Lab 3.6 59.78
Bhetanabhotla et al. [1985] Theoretical 1.6 26.57
Franzblau & Popp [1989] Field Observations 300 4981.62
Sisterson and Liaw [1990] Theoretical 8.2 136.16
Goldenbaum & Dickerson [1993] Model 3.8 63.10
Lawrence et al. [1995] Review 2.3 38.19
Kumar et al. [1995] Field Observations 0.5, 6* 8.30, 99.63*
Ridley et al. [1996] Field Observations 2.8-3.6 46.50-59.78
Jadhav et al. [1996] Field Observations 6.4 106.27
Price et al. [1997] Theoretical 6.7-67 111.26-1112.56
Huntrieser et al. [1998] Field Observations 4-30 66.42-498.16
Wang et al. [1998] Laboratory 3.1 51.48
Holler et al. [1999] Field Observations 7 116.24
Stith et al. [1999] Field Observations 1.25-12.5 20.76-207.57
DeCaria et al. [2000] Theoretical 15.6, (14-28)* 259.05, (232.48-464.95)*
Bradshaw et al. [2000] Review 10-20 166.05-332.11
Cook et al. [2000] Laboratory 0.4-7.4 6.64-122.88
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Table 5.1 (continued)
P
Study Methodology (x 10%° molecules P/Na
per flash) (moles/flash)
Nesbitt et al. [2000] Field Observations 2.67 44.34
Huntrieser et al. [2002] Field Observations 2.7, 8.1*%* 44,84, 134.50*
Skamarock et al. [2003] Model & Field Obs. 2.6 43.17
Fehr et al. [2004] Field Observations 21 348.71
Langford et al. [2004] Field Observations 58 963.11
Ridley et al. [2004] Field Observations 3.2, (3.3-23)* 53.14, (54.80-381.92)*
Beirle et al. [2004] Satellite 6 99.63
DeCaria et al. [2005] Theoretical 27.7, (21-28)* 459.97, (348.71-464.95)*
Beirle et al. [2006] Satellite 5.4 89.67
Rahman et al. [2007] Field Observations 24 (10 km channel) 398.53
Ott et al. [2007] Model & Field Obs. 21.7 360.34
Fraser et al. [2007] Field Observations 10-33 166.05-547.98
Koike et al. [2007] Field Observations 2-49 33.21-813.66
Schumann & Huntrieser [2007] Review 15 249.08
Cooray et al. [2009] Theoretical 2 33.21
Beirle et al. [2010] Satellite 1 16.61
Ott et al. [2010] Theoretical 30.1 499.82
Jourdain et al. [2010] Theoretical 31.3 519.75
Bucsela et al. [2010] Satellite 10.5 174.36
Martini et al. [2011] Theoretical 28.9 479.90
Huntrieser et al. [2011] Field Observations 15.1 250.74
Koshak [This Writing] LNOM Data Analyses 13.7 227.49

altitude, and the number of strokes in a flash, all affect the amount of LNOx produced by a flash.
The chemical reaction rates and scavenging processes associated with LNOx are directly tied to
the chemical, microphysical, and dynamical processes associated with a thundercloud, and these
properties vary from storm to storm in general. From Table 5.1, the range of estimates for P is
large; i.e., from 5.0x10%* all the way up to 3.0x10>” molecules per flash.

Another source of variability in the estimate of G is the uncertainty in the estimate of the
global flash rate, F. Before the launch of the first space-based lightning mappers (see section
5.5.2 below) for examining the global distribution of total (i.e., ground and cloud) flashes, the
estimation of F was difficult.

An early estimate of F is attributed to Brooks [1925]. Based on available observations, he
estimated the number of lightning flashes per thunderstorm and combined this estimate with a
survey of global annual thunderstorm occurrence. Specifically, he estimated that there were
approximately 1800 thunderstorms occurring worldwide at any given moment, each lasting about
one hour and producing about 200 flashes per hour. This gives 360,000 flashes per hour, or F =
100 flashes per second, implying over 3.15 billion flashes annually.
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The range of values in the global flash rate provided in Table 8.1.1 of the summary
review of Lawrence et al. [1995] is 50 — 500 flashes/sec. Rakov and Uman [2003] remark that
some of the variability in /' is due to confusion about whether cloud or ground flashes or both are
described by published flash rates, or confusion between the terms “lightning stroke” and
“lightning flash.”

An interesting and novel approach for inferring the global flash rate was provided by
Heckman et al., [1998]. Radiation with frequencies of 5-30 Hz is ducted between the ionosphere
and the surface of the Earth with little attenuation. Assuming all of this radiation is from
lightning, they attempted to invert the electric and magnetic fields obtained from 10 days of
observation. Their inferred average rate of vertical charge transfer squared was 1.7x10° (C km)?,
and by making additional assumptions about the nature of lightning, including the typical charge
moments deposited in a flash, they arrived at an estimate of 22 flashes/second. This (low-end)
estimate could easily be adjusted upward by “tuning” some of the assumptions made in the
inversion technique.

Satellite observations of lightning provided a unique vantage point to better understand
global lightning counts. A value of 123 flashes/sec was estimated by Orville and Spencer [1979]
using data from two Defense Meteorological Satellite Program (DMSP) satellites; this value had
a factor of 2 uncertainty. A value of 80 flashes/sec was obtained using a silicon photodiode
detector on a DMSP satellite [Turman and Edgar, 1982]; this value ranged from 40 — 120
flashes/sec. Using a a set of high-frequency radio receivers on the Ionospheric Sounding
Satellite-b (ISS-b) satellite, a value of 63 flashes/sec was obtained by Kotaki et al. [1981]. Data
from the DMSP and ISS-b were used in conjunction with the Cloud-Ground Ratio #3 (CGR3)
observations to obtain the latitudinal variation of total flash density over each major land mass
and each major ocean; the information was combined in a computational model of global
lightning occurrence and resulted in a value of 65 flashes/sec [Mackerras et al., 1998]. Finally,
low Earth orbiting satellite lightning mappers (section 5.5.2) have provided what are considered
the best estimates of F' to date: 44 flashes/second [Christian et al., 2003] and a value of 46
flashes/sec [Cecil et al., 2012].

Given the variability in the estimates of /" and P, the range of values 0.9 — 220 Tg(N)/yr
for G reported in Labrador et al. [2004] is quite large. But, because of the advent of lightning
mappers, the uncertainties in estimating F have decreased substantially. According to Fehr et al.
[2004], a more likely range of G is 2-20 Tg(N)/yr. The in-depth review by Schumann and
Huntrieser [2007] suggest a range of 0.6-13 Tg(N)/yr, which is based on their (2-40) x 10%
molecules per flash value of P, and the 44 flashes/sec global rate of Christian et al. [2003]. In
any case, it appears that the primary difficulty in estimating the global production G using the
flash extrapolation method is in estimating the per flash LNOx production P.

5.2.2 Thunderstorm Extrapolation Method

An alternative approach to estimating the global production of LNOx was introduced in
Chameides et al. [1987]. It is based on making in-situ measurements (or inferences) of the
concentration of NOy in thundercloud anvils. The form of the estimate is

G =x[NOX]F.S , (5.2)



where [NOy] is the average volume mixing ratio (in units of ppbv) in the anvil produced by
lightning, F. is the average air mass flux out of the anvil (in units of g(air)/s), and S is the
number of active thunderstorm cells across the globe at a given time. Here, the conversion factor
x =abc, where a is equal to the number of seconds per year times 14 g(N)/mole times 1
mole/(29 g (air)); that is, a = 1.5 x 107 g(N) g(air)’ s yr', b = (10°/ppbv), and ¢ = 107"
Tg(N)/g(N) so that the units of G are in Tg(N)/yr. In addition, the estimate, F. = (v, — vs)p.AyAz
was employed by Chameides, where v, is the horizontal wind speed inside the anvil, vy is the
storm system (steering level) speed taken as about half the ambient wind speed at the anvil
altitude, p, ~ 500 g(air)/m’ is the air density in the anvil, Ay is the width of the anvil, and Az is
the depth of the anvil.

The Chameides et al. [1987] study employed (5.2) using data obtained from a NASA
Convair 990 aircraft equipped to measure NO levels. The aircraft penetrated the anvils of two
cumulonimbus clouds over the North Pacific Ocean. The value of [NOx] was estimated from the
NO measurements by making assumptions about the chemical conversion rates of NO to NO;
and the associated photostationary state.

According to the review in Schumann and Huntrieser [2007], the thunderstorm
extrapolation method provides a range on G between about 1-25 Tg(N)/yr. Though the method
does not require knowledge of flash properties, it is difficult to estimate the true number of
thunderstorms active at any one moment across the globe.

5.2.3 Global Model Fit Method

The value of G can also be inferred by adjusting the production of LNOx in a Chemical
Transport Model (CTM) such that the model results best fit the aircraft measurements of trace
gases that are affected by LNOx sources [Levy et al., 1996]. For example, the concentrations of
upper tropospheric NOy and NOjy (i.e., all reactive odd nitrogen or fixed nitrogen, which is any
N-O combination except the very stable N,O) are directly affected by LNOx. In addition, LNOx
indirectly affects O3, CO, HNOs, and others, via photochemistry. According to the review by
Schumann and Huntrieser [2007], systematic comparisons between LNOx-sensitive
measurements and CTM results suggest a range of G between 2-8 Tg(N)/yr. However, several
authors expressed doubts about the feasibility of this approach citing, for example, either missing
or highly variable data (see Schumann and Huntrieser [2007; section 3.3] for additional details).
Nonetheless, applications of this method using satellite observations offer important “top-down”
constraints to the value of G (see section 5.5.3 of this writing).

5.3 Observations and Inferences of LNOx

In this section, and sections 5.4 and 5.5 to follow, a closer look at the variety of ways
investigators have observed or inferred LNOXx is discussed. This provides additional context to
the difficulties associated with estimating G. Although there have been improvements in the
measurements and methods for estimating P, there is still considerable debate in the
lightning/chemistry community regarding what the best estimate of P should be; clearly, more
work is needed to improve confidence.

To begin, some early ground-based measurements of historical importance are discussed
(sections 5.3.1 and 5.3.2). Next, a few examples of field campaigns notable for their highly
coordinated measurements are provided, including in situ aircraft measurements (section 5.3.3).
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Finally, section 5.3.4 provides some unique insight about LNOx from artificially triggered
lightning.

5.3.1 Early Examinations of Thunderstorm Rainwater
The work of von Liebig [1827] suggested that lightning contributes to the global source

of NOx. In addition, von Liebig hypothesized that the concentration of dissolved nitrate, NO; , in
rainwater can be explained in part by the following reactions:

NO+0, - NO, +0,
NO, + OH+M —> HNO, + M (5.3)
HNO, - H' +NO; |,

where the third body M is any inert molecule (e.g., N, or O;), HNOj is the highly water-soluble
nitric acid gas, and the last reaction takes place in the rainwater.
This hypothesis motivated several follow-on studies that looked for a correlation between

the concentration of NO; in rainwater and lightning frequency [Hutchison, 1954; Viemeister,
1960; Visser, 1961]. However, these studies found that typically only a relatively small percent
of the NO; was attributable to lightning. In other words, even if there were copious amounts of

lightning in a region and associated lightning NO, not much of this lightning NO would show up
as NO; in the thunderstorm rain water. Eventually, an explanation of this result was that the

conversion time (12-20 hrs) of the first two reactions in (5.3) is substantially larger than the
typical (~ 1 hr) lifetime of a thunderstorm [Tuck, 1976; Chameides, 1977].

5.3.2 Clarifying Observations

The difficulties associated with examining thunderstorm rainwater clearly implied a need
to find improved methods for measuring lightning nitrogen oxides. Some milestone observations
in the 1970’s provided substantial confirmation and clarification.

Early preliminary observations of trace nitrogen dioxide (NO,) from lightning are
provided in Reiter [1970]. The NO, measurements were taken at a mountain recording station
1780 meters above sea-level. A special instrument was used to measure the NO,. It functioned
on the basis of a chemical reaction that involved the oxidation of potassium iodide ions by NOy;
a current is eventually generated that is proportional to the concentration of the NO,. The
instrument had a low-end sensitivity of 0.002 mg NO, per cubic meter (see Reiter [1970] for
additional details).

No NO; was detectable during times of clear air or showers, but measurable NO, traces
were obtained during 17 thunderstorms located at or very near the recording station. Peak
readings were typically 0.005 mg, but there were four cases in which peak concentrations ranged
from 0.01 to 0.08 mg. Subsequently, a spectrometer was used to infer the amount of NO,
produced by a lightning storm that occurred on July 20, 1975 [Noxon, 1976]. The spectrometer
was used to scan the spectrum of the cloud deck above the Fritz Peak Observatory in the range
4300 — 4500 angstroms. This spectrum was then divided by a solar spectrum taken at small solar
zenith angle. The ratio yielded a spectrum which contained atmospheric absorption features
generated by the thunderstorm. It was concluded by Noxon [1976] that the local troposphere
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NO; abundance was enhanced by a factor of 500 over the normal level due to the lightning
storm, and it was estimated that there were approximately 2 x 10*° molecules per stroke
generated. The enhancement, along with additional evidence from Noxon [1978], confirmed the
tentative results in Reiter [1970].

5.3.3 Some Field Campaigns

The list of field campaigns discussed below is by no means comprehensive; i.e., see the
many additional airborne-measurement-related field campaigns discussed in Table 3 of
Schumann and Huntrieser [2007]. Nonetheless, the field experiments discussed here are
noteworthy examples of experiments that were dedicated towards making measurements of
chemical species in the inflow and outflow regions of thunderstorms in conjunction with
measurements of the cloud structure, kinematics, and lightning activity. Therefore, these field
campaigns are good examples of how investigators can connect chemistry measurements in the
convective outflow to specific cloud and lightning characteristics.

5.3.3.1 STERAO-A

The Stratospheric-Tropospheric Experiment: Radiation, Aerosols, and Ozone (STERAO)
series of field experiments was initiated to better address the complex and interdependent
chemical, dynamical, electrical, and radiative processes associated with thunderstorms that
directly and/or indirectly influence weather and climate [Dye et al., 2000]. The first in the series,
STEREO-A, addressed deep convection and the composition of the upper troposphere and lower
stratosphere. The primary objective of STERAO-A was to determine the effects of
thunderstorms on the chemical structure of the middle and upper troposphere, particularly the
production of LNOx, and the transport of NOy from the boundary layer. The field experiment
was conducted during the summer of 1996 in northeastern Colorado; the primary observations
included (see Dye et al., [2000] for additional details):

e Colorado State University (CSU) CHILL multi-parameter Doppler radar to observe storm
structure evolution.

e National Oceanic and Atmospheric Administration (NOAA) WP3D Orion aircraft for
characterizing the chemical environment, including determining the entrance/exit of
chemical species in the boundary layer and mid-cloud levels and storm airflow.

e North Dakota Citation jet for observing chemistry, microphysics, and airflow in or near
thundercloud anvils.

e French Office Nationale d’Etudes et de Recherches Aerospatiales (ONERA) 3-D
lightning interferometer for determining the location and time-of-occurrence of ground
flashes.

e The National Lightning Detection Network ™
time-of-occurrence of ground flashes.

e The National Center for Atmospheric Research (NCAR) Atmospheric Technology
Division mobile Cross-Chain Loran Atmospheric Sounding System (CLASS) for
acquiring atmospheric soundings.

The STERAO-A study in Dye et al. [2000] focused on a severe storm that occurred on July 10,
1996 and that had mostly (i.e., > 95%) cloud flashes throughout most of the storm’s lifecycle.
They deduced that lightning contributed a minimum of 45% (and more likely 60-90%) of the
total NOy observed in the anvil.

(NLDN) for determining the location and
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Although it was difficult to correlate individual flashes with aircraft-measured spikes in NO
mean mixing ratio, a simple model of the NO plume from lightning was introduced to estimate
lightning NO production [Stith et al., 1999]. The plume model has the form

[NOJpzD?
4kT

A=b , (5.4)

where [NO] is the concentration of NO above the background (in units of ppbv), p is pressure (in
Pa), T is temperature (in absolute K), D is the NO plume diameter (in meters), and 4 is the
resulting NO production efficiency (in molecules NO per meter of channel). The boltzmann
constant is k= 1.381 x 10 m* kg s K'', and as before the conversion factor is b = (10”/ppbv).
They obtained a range from 2 x 10*° — 1 x 10 molecules of NO per meter of lightning channel
as shown in Table 5.2.

The study by DeCaria et al. [2000] performed a 2-D cloud-scale model simulation of the
STERAO-A storm that occurred on July 12, 1996. One of their objectives was to infer from the
simulations and available measurements the relative production of NOy by ground and cloud
flashes. Defining P, to be the NO, production per ground flash, and P. the NOy production per
cloud flash, they estimated that P, should be in the range 200-500 moles and that the model
results agree best with the observations when the ratio P./P, is in the range 0.5 — 1. See
subsection 5.5.4.1 for additional estimates of this ratio.

Three-dimensional cloud scale chemical transport models have also been developed and
applied to STERAO-A storms [e.g., Skamarock et al., 2000; Stenchikov et al. 2005]. DeCaria
[2005] applied the Stenchikov et al. [2005] model to again examine lightning NOy production in
the July 12, 1996 storm (as well as trace gas transport and photochemical ozone production). In
their analysis, they concluded that the values P, = P. = 460 moles give the best reproduction of
the observed mixing ratios and shape of the anvil NOy plume.

5.3.3.2 EULINOX

The European Lightning Nitrogen Oxides (EULINOX) field experiment was coordinated
by the Deutsches Zentrum fiir Luft- und Raumfahrt (DLR) located near Munich, Germany and
conducted in July 1998 [Holler and Schumann, 2000]. An important objective of the experiment
was to estimate the importance of LNOx in comparison to other sources of NOy; there was a
desire to reduce the uncertainties involved in both the production and effect of LNOx from the
flash scale to the synoptic scale. The idea was that an improved understanding of the relevant
processes on the small scale is necessary for a better representation of the effects on the larger
scale. An important specific question asked by the EULINOX project was, “Can one deduce the
LNOx source per flash, or per thunderstorm, from the planned observations?”.

Two DLR aircraft were used to make in-situ chemical, particle and meteorological
measurements: a Dornier-228 turboprop completed measurements in the boundary layer, and a
Falcon jet made measurements primarily in the upper troposphere. Both aircraft were equipped
with instruments for measuring NO, ozone, and carbon dioxide, and the Falcon jet additionally
measured NO;, other chemical and particle measurements, and some standard data (position,
altitude, temperature, humidity, pressure, and the 3 components of the wind field) [Huntrieser et
al., 2002]. The Falcon completed several flights over much of central Europe, whereas the
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Dornier-228 completed fewer flights and covered a region more local to the DLR operation
center in Oberpfaffenhofen, Germany.

For lightning observations, the ONERA VHF interferometric lightning mapper was used
to locate the fast streamer processes in ground and cloud flashes; 3-D reconstruction of flash
channels was possible within about 50 km of the DLR operation center and 2-D channel location
was possible for flashes within about 100 km [Fehr et al., 2004]. Two Lightning Position and
Tracking System (LPATS) [Casper and Bent, 1992] sensors were employed to obtain 2-D
locations of ground flashes. NASA satellite lightning observations from the Optical Transient
Detector (OTD; 1999-2000, see section 5.5.2) were also available for EULINOX.

In addition, several other measurements were available for EULINOX. Radar data
included: DLR Polarization Diversity Radar (POLDIRAD) polarimetric doppler radar, and data
from the German Weather service doppler/reflectivity radars. Sounding data (profiles of
pressure, temperature, humidity) and mesonet data (surface pressure, temperature, humidity,
wind) were available. Finally, EULINOX benefitted from a variety of additional satellite
observations (infrared, visible, WV images, ozone, NO;). See [Holler and Schumann, 2000] for
additional details.

For an average EULINOX thunderstorm, ~70% of the anvil NOx was produced by
lightning and ~30% was transported from the boundary layer; the amount of LNOx was found to
exceed 80% in larger EULINOX thunderstorms [Huntrieser et al., 2002]. The Huntrieser et al.
[2002] study found that the maximum NO mixing ratio measured inside a thundercloud near
lightning was 25 ppbv. In addition, they employed the thunderstorm extrapolation method
(equation (5.2) of section 5.2.2) to estimate the annual global LNOx production G. They
assumed the values: § ~ 2000, and F. ~ 1.05 x 10! g(air)/s, where (v, - v5) ~ 7 m s'17 pa ~ 500
g/m’, Ay ~ 30,000 m, and Az ~ 1000 m. They used the estimate anvil [NOy] ~ 0.9 ppbv, where
the value 0.9 ppbv represented the average of all EULINOX cases. From (5.2) they obtained G ~
3 Tg(N)/yr. [They also applied the simple plume model given in equation (5.4) and obtained 2.7
x 10" molecules NO per meter of channel. This gave G ~ 4 Tg(N)/yr when an ONERA
interferometer-derived channel length of 30 km was used in conjunction with an assumed global
flash rate of 65 s7.]

A 3-D cloud model, with LNOx emissions represented by a Lagrangian particle
approach, was applied to study the EULINOX supercell storm that occurred on July 21, 1998
[Fehr et al., 2004]. The simulation used both parameterized and observed ground and cloud flash
frequencies. Experimentally deduced values for the ground flash NOy production of 4.9 kg(N), or
equivalently 2.1 x 10** molecules NO (348.7 moles) and a ratio between cloud and ground NO,
production of 1.4 were confirmed by the model. The ratio of 1.4 is substantially larger than the
ratio of 0.1 initially assumed by Price et al. [1997].

5.3.3.3 TROCCINOX

During February-March 2004 and February 2005, airborne in-situ measurements of NO,
NO,, CO, and O3 mixing ratios, J(NO,) photolysis rate, and meteorological variables were
obtained in the anvil outflow of thunderstorms over southern Brazil as part of the Tropical
Convection, Cirrus and Nitrogen Oxides Experiment (TROCCINOX) field experiment
[Schumann et al., 2004; Huntrieser et al. 2007; Schumann and Huntrieser 2007]. The NO, (and
NOy) mixing ratios were inferred from the measurements of NO, O;, J(NO;), pressure, and
temperature by assuming a photostationary steady state. The airborne measurements were carried
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out using the DLR Falcon aircraft (maximum flight altitude of 12.5 km), and also in part with a
high altitude (~ 20 km) Russian M55 Geophysica aircraft. During this wet season, both
subtropical and tropical thunderstorms were investigated. In addition to ancillary satellite and
radar information, lightning observations in southern Brazil were obtained using a six station
VLF/LF lightning detection network (LINET) developed by the University of Munich [Betz et
al., 2004; Betz et al., 2007], the operational Brazilian network RINDAT (Rede Integrada
Nacional de Detec¢do de Descargas Atmosféricas), and satellite Lightning Imaging Sensor (LIS;
1997-present, see section 5.5.2).

The composition of the anvil outflow from a large, long-lived Mesoscale Convective
System (MCS) was, for the first time, investigated [Huntrieser et al, 2007]. The MCS, which had
advected from northern Argentina and Uruguay, was found to have significantly enhanced NOx,
CO and O3 mixing ratios. From the penetrations of TROCCINOX thunderstorms, Huntrieser et
al. [2007] found that NOy mixing ratios in the anvil outflow region between 8 — 12.5 km were
enhanced with average mixing ratios varying between 0.2 and 1.6 nmol mol”, or ppbv. They
estimated that the NOy from the anvil outflow of a subtropical thunderstorm was about 80% due
to lightning, and only a minor contribution from the boundary layer.

Correlating the spatial distribution of measured anvil NOy enhancement with individual
lightning flashes is difficult. To help, the distribution of LNOx in and near thundercloud cells
was simulated with the Lagrangian particle dispersion model FLEXPART. Huntrieser et al.
[2008] found that the amount of nitrogen produced by lightning in a thunderstorm is not well
correlated with the number of (LINET) strokes; they stated that stroke length, peak current, and
release height also need to be considered. Nonetheless, they estimated that the average LNOx per
LIS flash was ~1 and ~ 2-3 kg(N) for three tropical and one subtropical Brazilian thunderstorms,
respectively. Consequently, they suggested that tropical flashes may be less productive than
subtropical flashes. With these values and an assumed global flash rate of 44 flashes/sec, they
estimated mean values of G of 1.6 and 3.1 Tg(N)/yr, for the respective storms mentioned.

Finally, the study by Holler et al. [2009] asserted that the effective lightning stroke length
is the dominant factor for LNOx production, and that stroke peak current and emission height
were less significant.

5.3.4 Rocket Triggered Lightning

By launching a small (~ 1 meter) plastic or steel rocket with a trailing wire, either
grounded or ungrounded, into a thundercloud, it is possible to artificially trigger a lightning
discharge. This so called rocket-and-wire technique is described in Rakov and Uman [2003]. The
trailing wire is composed of copper or steel and has a diameter of ~ 0.2 mm; it is spooled out
either from the ground or from the rocket.

The first rocket-triggered lightning occurred in 1960 from a research vessel situated off
the west coast of Florida [Newman, 1965]; the study employed grounded trailing wires. The first
triggering over land occurred in 1973 in Saint Privat d’Allier, France [Fieux et al., 1975]. In
addition to the triggered-lightning program developed in France, other triggered-lightning
programs were developed in Japan (Kahokugata, Hokuriku coast, Okushishiku), the US (New
Mexico, Florida, Alabama), China (multiple sites over the northern and southeastern regions),
and Brazil (Cachoeira Paulista).

One of the triggered-lightning programs in Florida was developed in 1993 in Camp
Blanding [Uman et al.,, 1997] and is presently still operational. It has been found that the
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characteristics of the leader-return-stroke sequences in triggered-lightning are similar in most, if
not all, respects to the subsequent leader-return stroke sequences in natural ground flashes
[Rakov and Uman, 2003; Depasse, 1994]. Evidently, the first leader-return stroke sequence in a
natural ground flash is not as well represented by triggered-lightning.

Acknowledging the fact that triggered-lightning is not exactly the same as natural
lightning, one can still attempt to make measurements of triggered-lightning NOx (TLNOXx) as a
proxy to LNOx. An obvious benefit of such an approach is that one controls where and when the
discharge will occur, so that the placement and operation of chemistry measurements are
optimized. In addition, one can also isolate a section of the triggered-lightning channel in a given
volume so that no assumptions have to be made about the wind velocity or the dispersion of NOy
from the channel.

In July 2005 at the Camp Blanding, Florida triggering site; i.e., the International Center
for Lightning Research and Testing (ICLRT), Rahman et al. [2007] obtained the first direct
measurements of TLNOx. Three negative lightning flashes were triggered using the rocket-and-
wire technique. Two electrodes were used; one was connected to the rocket launcher where the
lightning channel terminates, and the other electrode was grounded. The separation distance
between the electrodes was 3 cm, and they were placed within a cylindrical chamber. The
apparatus effectively isolated a 3 cm section of channel. Atmospheric air entered the chamber
continuously, and evacuated air from the chamber passed through a calibrated NOx Analyzer
(model 9841B, Monitor Labs).

Although the number of triggered lightning was small, they concluded that relatively
slow discharge processes, those occurring on time scales of milliseconds to hundreds of
milliseconds (such as continuing currents in ground flashes), can contribute significantly to NOy
production. Moreover, they asserted that the return strokes within a ground flash are not the
primary producers of NOy; i.e., their data showed that the NOy production is primarily from
long-duration, steady currents, as opposed to microsecond-scale impulsive return stroke currents.
Since cloud flashes transfer large amounts of charge via steady currents on the order of 100 A,
the implication was that cloud flashes could be as (or more) efficient at producing NOy than
ground flashes [Rahman et al., 2007].

Overall, the Rahman study found a production of 2.0 x 10** NOy molecules per meter of
channel for one triggered flash, and 2.4 x 10** molecules per meter for each of the other two
triggered flashes. The value of P = 24 x 10*° molecules/flash expressed in Table 5.1 was based
on the latter value, and it was arbitrarily multiplied here by a 10 km channel length for order-of-
magnitude purposes only. The value of 10 km is an underestimate (see following section
regarding channel length estimation based on VHF lightning mapping data).

5.4 The Lightning Nitrogen Oxides Model (LNOM)

The previous section discussed various conventional methods for estimating the amount
of nitrogen oxides produced by a flash. In this section, a more recent method for estimating
LNOx is discussed. The approach is based on a research-grade software package, named the
Lightning Nitrogen Oxides Model (LNOM), which was developed at the NASA Marshall Space
Flight Center (MSFC). The LNOM analyzes multiple lightning datasets in order to make detailed
estimates of LNOx on a flash-by-flash basis. As such, LNOM data analyses represent the most
detailed “bottom-up” constraints on the value of P in equation (5.1).
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5.4.1 Motivations

Given the importance of LNOx in global climate studies as discussed in section 5.1, the
ability to accurately model LNOx production within global climate models is paramount. For
example, in the NASA Goddard Institute for Space Studies (GISS) ModelE2 global climate
model [Schmidt et al., 2006] the parameterization employed is based on the study by Price et al.,
[1997] which describes LNOx production from a single flash as follows:

P=EY. (5.5)

Here, E is the estimated mean energy of the flash (Joules per flash), Y is the yield (# molecules of
NOy per Joule), and so P is the estimated average amount of NOy production per flash (#
molecules of NOx per flash). As mentioned above, most of the NOy yield (~ 90% or more) is in
the form of NO [Wang et al., 1998]. Price et al. [1997] arrived at the estimates: E ~ 6.7 x 10° J
(for ground flashes), E ~ 6.7 x 10°* J (for cloud flashes), and ¥ ~ 10'” molecules/J.

Note that equation (5.5) pertains only to the LNOx production per flash portion of the
actual parameterization provided in Price et al. [1997; equation (15)] which includes various
temporal and molecular weight conversion factors and flash count information that are not
pertinent to the present discussion. In addition, GISS multiplies the Price et al. [1997] production
parameterization by their own tuning factor, called tune NOx in the ModelE2 code, in an
attempt to improve results.

The estimates of £ and Y are simply coarse educated guesses, or so called “back of the
envelope” calculations based on reasonable syntheses of the appropriate lightning literature.
Moreover, one should recognize that the production parameterization in (5.5) provides only two
numbers: the production P, from ground flashes and the production P. from cloud flashes. In
reality, the production is not fixed for all ground flashes or for all cloud flashes. Presently, these
fixed values are being applied within ModelE2 in conjunction with the flash count
parameterization (discussed later) to arrive at the total LNOx source.

By today’s standards, the Price et al. [1997] estimates are overly simplistic since we now
have advanced, ground-based lightning detection systems capable of deeply probing the nature
of lightning flashes, and accumulating realistic distributions of their properties that are critical
for making accurate estimates of LNOx production. In particular, the bulk and estimative
parameterization in equation (5.5) glosses over many important variables that can now be
accounted for in part, or fully:

e Variable lightning channel lengths (longer channels — more LNOX).

e Variable lightning currents (larger currents — more energy — more LNOX).

e Variable lightning channel altitude (lower altitude — higher air density — more LNOXx).

That is, the yield Y in equation (5.5) is actually altitude dependent not a fixed constant

(see Chameides [1986; equation (6.2)], and Wang et al. [1998; equation (9)]).

e Variable # of return strokes in ground flashes (more strokes — more LNOXx).

e Variable production physics (i.e., certain physical processes, if they occur in a flash,

would produce additional LNOx [see Cooray et al., 2009].

In addition, there are deficiencies in the flash count parameterizations. For example, to
calculate the number of ground and cloud flashes in each ModelE2 grid box, NASA GISS
presently applies a parameterization described in Price and Rind [1992, 1993, 1994], and Price et
al., [1997] that has the following form:
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f,=a [qH P] (# ground flashes per minute)
(5.6)
f.=0-a) [qH P ] (# cloud flashes per minute).

The quantity in square brackets [¢H"] is the fotal lightning flash rate f (# flashes/min), where H
is the cloud top height in kilometers. The empirical constants ¢ and p depend on whether it is a
continental thunderstorm (¢ = 3.44 x 10”, p = 4.90) or a maritime thunderstorm (g = 6.40 x 10,
p = 1.73). The variable a = (aD*+bD*+cD*+dD+e)" is the ground flash fraction (i.e., the
proportion of ground flashes in an individual thunderstorm), where D is the cold cloud thickness
in kilometers (i.e., the vertical thickness between the altitude of the 0°C isotherm and cloud-top
height). The empirical constants are: a = 0.021, b =-0.648, c = 7.49, d = -36.54, and e = 64.09.

GISS applies their own tuning factors (one for continental storms, and one for maritime
storms) in an attempt to improve the parameterizations. Moreover, the values of the constants ¢
and p have been adjusted over the years to drive the geographical distribution of ModelE2
lightning frequencies as close as possible to NASA Optical Transient Detector (OTD) lightning
observations (see model/observation comparisons provided in Plate 2 of Shindell et al. [2001],
Figure 8 of Shindell et al. [2003], and Figure 11 of Shindell et al. [2006]). Despite these
improvements, there are still several shortcomings which need to be addressed:

a) Documented Deficiencies: ModelE2 tends to overestimate lightning over SE Asia and
Indonesia, and this leads to overestimates of the total flashes of 5% during boreal summer
and 17% during boreal winter; overestimates are pronounced over South America during
the boreal winter [Shindell et al., 2006].

b) Separate Verification Needed: Comparisons of ModelE2 flash frequency with OTD data
are fundamentally incomplete because OTD only provides the total flash number (i.e., the
sum of both ground and cloud flashes). Since the parameterizations in (5.6) provide both
ground flash and cloud flash counts, it is important to separately verify the accuracy of
each of these parameterizations, particularly since the typical amount of LNOx produced
per ground and per cloud flash could differ.

c) Low Detection Efficiency: OTD was a prototype sensor that had daytime and nighttime
flash detection efficiencies of only 44% and 56%, respectively [Boccippio et al., 2002].
In addition, the limited view-time associated with its low Earth orbit required that one
perform 55 day sampling strategies in an attempt to alleviate biases associated with the
diurnal cycle of lightning. Even though the Lightning Imaging Sensor (LIS) offers higher
detection efficiency and better location accuracy, it only covers the tropics, and like
OTD, does not discriminate between ground and cloud flashes. Therefore, an high
detection efficiency, continuous monitoring system that detects (and discriminates
between) ground and cloud flashes is needed to fully investigate the accuracy of the
parameterizations in (5.6).

d) Limitations Associated with Ground Flash Fraction: The polynomial expression given
above for the ground flash fraction a is only based on 139 thunderstorms which occurred
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only in the summer and only over the US [Price and Rind, 1993], yet is being applied
globally and seasonally within the ModelE2. In addition, the value of D in the
parameterization is restricted to the range 5.5 km < D < 14 km.

e) Theoretical Inconsistencies: The parameterization for total flash rate in maritime
thunderstorms contains a formal derivational inconsistency and predicts nonphysical
cloud-top heights when the parameterization is inverted [Boccippio, 2002].

5.4.2 Functionality

Since lightning has highly variable channel lengths, currents, altitudes, and stroke
number, and since there are a variety of discharge types within a flash that produce different
amounts of LNOX, it is crucial that the variability of lightning be addressed to obtain accurate
estimates of LNOx production, including its vertical profile. This implies that a very large
number of flashes should be analyzed on a flash-by-flash basis (using the appropriate lightning
detection technologies and data analysis techniques) so that quantitative and realistic statistical
distributions of LNOx production can be obtained.

In order to accomplish these objectives, the LNOM was developed [Koshak et al., 2009,
2010, 2011; Koshak and Peterson, 2011; Koshak et al., 2013]. The LNOM implements a realistic
description of lightning while at the same time combines useful laboratory findings with state-of-
the-art lightning observations to obtain accurate LNOx estimates of individual flashes.

Figure 5.2 provides an overview of the basic function of the LNOM. It ingests VHF
lightning channel mapping data such as obtained from the North Alabama Lightning Mapping
Array [NALMA; Koshak et al., 2004]. The VHF data provide remarkable information about the
spatial and temporal evolution of the lightning channel; over the LNOM analysis region the VHF
data provides 4D channel mapping with a location accuracy measured in tens of meters and with
a time resolution of 80-100 psec [Thomas et al., 2004]. The LNOM also ingests ground flash
data from the National Lightning Detection Network' ™ (NLDN, Cummins et al., 2006; Cummins
and Murphy, 2009]. Note that the focus of LNOM is on the production of NOy, not its
subsequent chemical conversion, transport (convective, advective), or removal (e.g., wet
scavenging).

In summary, the LNOM analyzes each flash individually by examining the VHF and
NLDN data associated with the flash. It performs the following basic processing steps:

1. Flash Typing: Based on the VHF and NLDN data, LNOM categorizes the flash as either
a ground flash or a cloud flash; this is an important initial step because many physical
processes associated with LNOx production depend on flash type.

2. Channel Length Computation: LNOM spatially averages the VHF data, and computes the
total channel length.

3. Channel Chopping: LNOM dices up the lightning channel into 10-meter segments, and
stores both the orientation and 3D location of each of these segments.

4. NO, Computation. LNOM applies algorithms to compute the LNOx from each 10-meter
segment based on empirical and theoretical formulas provided in Wang et al., [1998] and
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Cooray et al. [2009]. These algorithms account for many physical mechanisms that
produce NOy, and the algorithms are only applied if the mechanism is present. For
example, ~75% of positive polarity ground flashes are associated with continuing
currents, but only about 30% of negative polarity ground flashes contain such currents.
Similarly, 10-meter segments that are a part of a ground flash channel, but that are not
located within the channel(s) to ground (i.e., are not associated with the return stroke)
would not be associated with return stroke NOy production. LNOM accounts for these
and other nuances. Because of the arbitrary geometrical orientation and altitude of the
individual 10-meter lightning channel segments, several of the formulas for computing
LNOx provided in Wang et al., [1998] and Cooray et al., [2009] are appropriately
generalized within the LNOM computational algorithms. The production mechanisms
accounted for by LNOM include the following:

a. NOx production from return strokes [based on Wang et al. 1998]:
e accounts for peak current magnitude using NLDN data
e accounts for the number of strokes in the flash using NLDN data
e accounts for air density (channel segment altitude) using VHF data

b. NOx production from processes other than return strokes [Cooray et al., 2009]:
e production from the hot core of stepped leaders
e production from stepped leader corona sheath
e production from the hot core of dart leaders
e production from K-changes
e production from continuing currents and associated M-components

5. LNOM Data Product Creation: Based on all these computations, the LNOM creates the
final LNOM data products, typically for monthly, annual, or multi-annual analysis
periods within the LNOM analysis domain (see right-hand boxes in Figure 5.2 and
further description to follow).

The standard LNOM analysis domain is a fixed (i.e., Eulerian) cylinder, having a height
range extending from the surface to 20 km, and having a horizontal radial range of 20.31km.
This radius was chosen since it produces the areal equivalent of a 36km x 36km Community
Multiscale Air Quality (CMAQ) grid cell; i.e., an initial application of the LNOM was for
improving CMAQ air quality forecasts. The LNOM cylinder dimensions can be adjusted as
needed for other applications.

In fact, the most recent applications of the LNOM, still being conducted at the time of
this writing, involve a Lagragian LNOM analysis domain cylinder that moves with individual
storms or storm complexes to track LNOx production. In these applications, the period over
which the LNOM products are produced is much shorter; i.e., on the order of the duration of a
thunderstorm cell, rather than the much longer monthly or annual periods mentioned above. This
effort is being lead by researchers at the University of Alabama — Huntsville (UAH), the
Universities Space Research Association (USRA), and NASA MSFC as part of the Deep
Convective Clouds and Chemistry Experiment (DC3; http://www.eol.ucar.edu/projects/dc3/).
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5.4.3 Data Products

There are several LNOM output data products, including: channel length distribution
(CLD), segment altitude distribution (SAD), vertical LNOx Production Profile (LNPP), and
LNOx Distribution (LND). These are provided for ground flashes alone, for cloud flashes alone,
and for all flashes. The ancillary products shown in Figure 5.2 are primarily for research
purposes; for example, the Channel Connection Diagram (CCD) is an ancillary product used to
visually evaluate the accuracy of the LNOM channel computation module. It provides various
cross-sectional plots of the VHF sources for an individual lightning flash, the linear connections
made between the spatially averaged and filtered sources, and the resulting channel length
computation.

The SAD provides the number of 10-meter channel segments in each 100-meter altitude
interval of the LNOM analysis cylinder during a prescribed LNOM analysis time period. This
product gives the user an idea of how much LNOx might be expected in a certain vertical layer
of the atmosphere during a given period just due to the amount of lightning activity in that layer
and/or due to the occurrence of some relatively long channel discharges in the layer. The left
panel in Figure 5.3 provides an example of the SAD product for an air quality study in [Koshak
et al., 2013], the LNOM analysis period for this SAD is one month.

Figure 5.3 (right panel) shows an example of the LNPP data product. It is important to
note that the LNPPs are not dynamically mixed profiles, but are strictly production profiles.
Therefore, they provide insight and guidance on how best to modify the baseline “C shape”
LNOx profile due to Pickering et al. [1998] that was employed by ModelE2. For example, the
LNOM profiles more closely resemble “backward C-shapes,” which suggests that cloud
dynamics do not “reverse” the basic LNOx source profile, but rather just smooth it out in the
vertical. Similarly, backward C-shaped profiles were found in Ott et al. [2010; Table 2].

The LND is a frequency distribution of the LNOx. So given N = N, + N, flashes analyzed
by the LNOM, where N, is the number of ground flashes and N. is the number of cloud flashes,
the ground and cloud flash LNOx frequency distributions can be denoted as ®(py) and ®(p,),
respectively. Here, p, is the independent variable for ground flash LNOx, and p. is the
independent variable for cloud flash LNOx. Since the LNOM analysis domain has a finite radial
range, it is always possible to truncate flashes that cross the vertical cylindrical wall of the
LNOM domain. However, the LNOM keeps track of those flashes that are truncated, and
additionally computes the LNOx produced by the portion of the channel outside the cylinder
wall. Hence, the total LNOx from each flash is calculated and this stored information allows
LNOM to generate the LND product.

5.4.4 Data Archive

At the time of this writing, the LNOM data archive presently contains LNOx analyses for
468,928 flashes. Most of these flashes are derived from 9 years (2004-2012) of North Alabama
thunderstorms. The remaining flashes are from 4 years of data derived from the DC metropolitan
LMA network.

Figure 5.4 provides the channel length distributions (CLD product) for the entire 9 years
of North Alabama thunderstorms; this corresponds to a total of 404,197 flashes. The distribution
of channel length is given for all flashes, for just cloud flashes, and for just ground flashes.
Again, the CLDs can be generated for any analysis time period desired (e.g., CLDs associated
for just the 1 month time period given in Figure 5.3 are obtainable by the LNOM). Note from
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Figure 5.4 that the mean channel length for ground flashes is about 66.9 km, whereas the mean
channel length for cloud flashes is about 47.6 km. Longer channel length implies more NOy
production, all else being equal. In addition, more of the ground flash channel is at lower altitude
(higher air density) than the cloud flash channel, so in the case of ground flash channel there are
more air molecules available to produce more LNOx. Indeed, the laboratory measurements of
Wang et al. [1998] show an increase of NOy production with increasing pressure, all else being
equal. Finally, LNOx production also depends on the current waveform associated with the
lightning discharge. This is a more complicated comparison to make, as there are several
discharge types even with a given flash type (ground or cloud). The peak current and current
duration clearly are important parameters to consider.

Given the longer channel lengths and lower channel altitudes of ground flashes, and all
the available NOy production mechanisms available in Wang et al. [1998] and Cooray et al.
[2009], including those production mechanisms related to the current waveform, the LNOM
obtains the LNOx distributions (LND product) shown in Figure 5.5 (for the same 9 year period
mentioned above). It is interesting to see that the average LNOx per ground flash is 604.3 moles,
whereas it is only 36.4 moles for cloud flashes. Averaging the entire sample of flashes gives a
value of 94.4 moles per flash; note that in the total sample of 404,197 flashes there are far more
cloud flashes (364,031 or 90.1%) than there are ground flashes (40,166 or 9.9%).

It should also be noted that LNOM flash counts are not suitable for estimating the ratio of
the number of cloud flashes to ground flashes, or so-called “Z ratio.” For example, flashes are
removed from all LNOM data products if the flash type cannot be confidently determined by the,
non-exhaustive but efficient, analysis of the NLDN and LMA data.

One should also note that Table 5.1 shows updated values of P and P/N4 for the LNOM
data analysis based on the 9 years of North Alabama data in the LNOM archive. Previously, the
best values shown for LNOM data analyses given in Koshak et al., [2013] were based on just
five summer months of analyses (i.e., August 2005, August 2006, August 2007, August 2008,
and August 2009), or a total of 32,705 flashes. Of the 32,705 flashes, 4832 were ground flashes
and 27,873 were cloud flashes. The average LNOx per ground flash was 484.15 moles, and the
average for cloud flashes was 34.78 moles. So the average LNOx per flash was computed as
[4832(484.15)+27873(34.78)]/32705 = 101.17 moles/flash. However, this (correct) result is
susceptible to misinterpretation. Obviously, it is biased downward because the number of cloud
flashes employed in the computation far outnumbers the number of ground flashes used. Hence,
it is more meaningful to properly weight the relative frequencies of ground and cloud flashes. To
do this, one can use the value of the mean Z ratio equal to 3 for the months of August that
Koshak et al. [2013] found from the 4 year climatological Z-ratio dataset obtained by Boccippio
et al. [2001]. The computation then becomes: [1(484.15)+3(34.78)]/4 = 147.12 moles/flash (for
the month of August in North Alabama). As seen in Figure 5.5, the 9 year North Alabama data
from the LNOM archive consists of a total of 404,197 flashes (40,166 ground flashes + 364,031
cloud flashes). Using the mean LNOx per ground and per cloud flash from Table 5.5, the mean is
[40,166(604.28)+364,031(38.19)]/404,197 = 94.4 moles/flash as stated above. But again, it is
more meaningful to use an estimate of the relative frequencies of ground and cloud flashes.
Across all months and for the North Alabama region, the mean value of the Z-ratio is about 2
[Boccippio et al., 2001]. Therefore, a more meaningful value for the mean LNOx per flash is
[1(604.28)+2(38.19)]/3 = 226.89 moles/flash which is the value shown in Table 5.1.
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The LNOM archive continues to grow, and this trend is expected to continue especially
with the proliferation of VHF networks. The LNOM database will likely expand by analyzing
flashes detected by other VHF networks in the following areas: Oklahoma, West Texas,
Houston, White Sands in New Mexico, Fort Collins (as part of the National Science Foundation
(NSF) DC3 Experiment), Sao Paulo, Brazil (as part of the CHUVA Experiment), Dugway
Proving Ground in Utah, Camp Blanding Florida, Kennedy Space Center Florida [both Lightning
Detection And Ranging II (LDAR II), and a new lightning mapping array due to be installed],
and potentially other regions. In the case of the Sao Paulo network, Vaisala’s TLS200
measurements could be used as a substitute for NLDN data.

Overall, the frequency distributions of LNOx production, ®(pg) and ®(p.), derived from
LNOM and shown in the two right-most panels of Figure 5.5 could be considered for replacing
the two fixed educated guesses (P,, P.) for production currently employed within ModelE2 as
discussed in section 5.4.1. That is, there is no longer a need to restrict the LNOx production
parameterization to a single fixed “back-of-the-envelope” estimate (i.e., one estimate for ground
flashes, and one estimate for cloud flashes). With the processing of detailed lightning
observations by LNOM, the statistical frequency distributions, ®(p,) and ®(p.), of LNOx
production from actual ground and cloud flashes is available. Specifically, instead of assigning
to each ground flash the same fixed LNOx production value, one can randomly pick the LNOx
production value from LNOM-derived distribution ®(p,). A similar comment holds for the cloud
flashes. Because of the random sampling, this general approach also makes it possible to create
more realistic simulations of the temporal evolution of the LNOx source within models,
particularly in those models that are geared toward shorter-term forecasts (such as with CMAQ
ozone predictions).

5.4.5 Future Evolution

Although the LNOM has made significant advances in combining theory, lab results, and
flash-specific measurements to acquire optimal estimates of LNOX, it is recognized that it is still
an imperfect tool.

First, a comprehensive list of LNOx production mechanisms is not available for LNOM
to apply, and of those mechanisms identified in the scientific literature, there is still debate as to
their relative importance. In particular, less is known about the discharge physics processes
within cloud flashes, so it is possible that LNOM presently does not correctly parameterize
LNOx from cloud flashes. For example, and as discussed above, there is evidence that cloud
flashes might produce as much NOy as ground flashes; i.e., the rocket-triggered lightning study
of Rahman et al. [2007] indicated that the discharge processes associated with small, slower,
steady currents produced substantial NOy. Yet, the present cloud flash LNOx parameterizations
employed by LNOM lead to relatively small values of cloud flash NOy. It is too early to tell how
such an issue will eventually be resolved, and debate on whether a typical cloud flash produces
less, about the same, or even more NOy than a typical ground flash continues. As such, the
LNOM architecture is highly modular so that LNOx parameterizations for different discharge
processes can be easily refined, or new parameterizations added via a “plug-and-play”
methodology. As the LNOM matures along these lines, reprocessing of the LNOM input (NLDN
and VHF) data archive will provide updated LNOM results for the lightning/chemistry
community.
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Second, estimating lightning channel length from LMA VHF sources is fundamentally
difficult. Environmental radio frequency noise, source-strength degradation as a function of
source range from the LMA network, and the lack of a consistent 1:1 relationship between the
optical channel geometry and that defined by the channel VHF emission, all give rise to channel
length estimation errors. Therefore, the LNOM software package is built in such a way that
testing of alternative channel length modules is fairly easy.

The longer-term plans of the NASA Marshall Space Flight Center are to internally
upgrade the main modules of LNOM, and reprocess the data archive with the latest LNOM
version. Following the completion of this internal developmental phase (IDP), a broader
community of expertise will be sought to further improve and test the LNOM. This community
developmental phase (CDP) is anticipated to improve the accuracy and expand the applicability
of the LNOM exponentially. This phase need not be limited to just software module
improvements, but can also include ingestion of additional lightning/chemistry related
measurements that “open the doors” for further improvements in estimating LNOx.

5.5 Benefits of Satellite Observations

In this section, some satellite-based observations of lightning, as well as satellite
observations of the trace gas species affected by lightning, are discussed. In just the past ~50
years, advancements in space-borne measurements of lightning and its chemistry have provided
a much better understanding of the global-scale spatio-temporal distribution of lightning and
associated LNOx production. These global-scale features are difficult to obtain by conventional
ground-based and aircraft observations alone.

5.5.1 Two Early Studies Employing Photometers

Space-based optical observations of lightning were conducted in the studies by Vorpahl
et al. [1970] and Sparrow and Ney [1971] as part of the Orbiting Solar Observatory (OSO) series
of satellites. The OSO Program was the name of a series of science satellites primarily for
studying the Sun (i.e., to observe an 11-year sun spot cycle in UV and X-ray spectra), but also
included important non-solar experiments. Eight satellites in the series were successfully
launched by NASA between 1962-1975 using Delta rockets.

The study by Vorpahl et al. [1970] reported on night-time lightning activity from the
OSO-2 satellite during the new Moon periods from February to October 1965. Three of four
photometers sensitive to broad spectral bands and suitable for the detection of lightning within a
10° field-of-view were employed. The minimum threshold of ~ 3 x 10° photons cm™ at the
satellite was used, below which lightning could not be readily detected. The accuracy in
determining the lightning source location was claimed to be better than ~ 3° in latitude and
longitude. Within the satellite observation limits of 35° N to 35° S, they determined that ten times
as many lightning storms occur over land than over the ocean.

The investigation by Sparrow and Ney [1971] consisted of six photometers aboard the
OSO-5 satellite. Four of the six photometers could be used to detect lightning, and the study
reported on results from two of the four. The study confirmed Vorpahl’s OSO-2 results that the
distribution of night-time thunderstorms is heavily biased towards land areas rather than over
ocean.
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5.5.2 Space-Based Lightning Mappers

Since the early satellite photometer measurements mentioned above, additional optical
observations of lightning have been made from the VELA and DMSP series of satellites, and
from the space shuttle [Suszcynsky et al., 2001; Mackerras et al., 1998] and references therein.

However, an important advancement in better fixing the global annual lightning
frequency, i.e., the variable F in equation (5.1), as well as vastly improving the understanding of
the diurnal, seasonal and geographical variations in lightning and storm activity, was made
possible by the advent of two satellite lightning mappers: the Optical Transient Detector (OTD;
1995-2000) and the Lightning Imaging Sensor (LIS; 1997-present). These instruments detect
total (i.e. ground flash and cloud flash) lightning from low Earth orbit during both daytime and
night [Christian et al., 1992, 1996, 1999, 2003]. Calibration and performance characteristics of
the sensors are additionally given in Koshak et al., [2000] and Boccippio et al., [2000, 2002],
respectively.

The OTD/LIS lightning mappers are based on Charge Coupled Device (CCD) imager
technology that provides accurate geolocation with millisecond time resolution. OTD, a payload
on the MicroLab-1 satellite (later renamed OV-1), had an average orbital altitude of about 740
km and a nadir pixel footprint of ~ 8x8 km®. The LIS is aboard the Tropical Rainfall Measuring
Mission (TRMM) satellite which had an average orbital altitude of about 350 km, but was later
boosted to about 402.5 km in August 2001. The LIS nadir pixel footprint is ~ 4 x 4 km®. Both the
OTD and LIS employ a 128 x 128 pixel CCD array for geolocating lightning.

Since a flash typically last a few tenths of a second, and the OTD and LIS CCD frame
times are ~ 2 ms, these instruments are ideal for examining the optical components of a flash.
The nomenclature used to describe these components includes: event, group, and flash [Mach et
al., 2007]. Basically, an optical event is one (instrument threshold-breaking) pixel illumination in
one CCD frame time; hence, an event is the basic unit of OTD/LIS data. An optical group is any
collection of adjacent events in one frame time; “adjacent” here means that the pixels touch
either on a side or a corner. Finally, the clustering of groups into a flash is performed in Earth-
based coordinates. Figure 5.6 provides a global lightning flash density distribution based on
OTD/LIS data [Mach et al., 2007].

Although the optical event, group, and flash data provide useful insight into lightning
physics, the 2 ms frame time resolution is not sufficient for time-resolving individual lightning
optical pulse waveforms, which typically have a pulse width at half maximum of ~ 400 pus, but
with variability depending on the lightning discharge type [Goodman et al.,, 1988]. By
comparison, photodiode/photometer sensors typically have excellent temporal resolution (e.g.,
10-100 ps), but poor spatial resolution.

In addition to OTD and LIS, a Fast on-Orbit Recording of Transient Events (FORTE)
satellite carrying VHF broadband receivers and an Optical Lightning System (OLS) was
launched in 1997 [Suszcynsky et al., 2000]. The OLS consists of two optical systems. The first
was the Lightning Location System (LLS), a 128 x 128 pixel CCD array for geolocating
lightning flashes within 10 km. The front-end optical and CCD assemblies are identical to LIS.
The second component of the OLS is a fast (15 ps resolution) broadband (0.4 — 1.1 um)
photometer with an 80° field of view. This (augmented) lightning mapper was a joint Los
Alamos National Laboratory and Sandia National Laboratories satellite experiment designed
primarily to address technology issues associated with treaty verification and the monitoring of
nuclear tests from space [Suszcynsky et al., 2000]. Inter-comparisons between the VHF and OLS
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datasets have been used in an attempt to discriminate flash type (ground flash or cloud flash)
from space, and in identifying specific discharge processes (e.g. return stroke signatures).

Recently, plans have been made to place a spare LIS on the International Space Station
(ISS) in approximately January 2016. The 56° orbital inclination of the ISS will allow the
ISS/LIS to capture more lightning (such as thunderstorms over the upper Midwest of the US)
that is presently missed by the 35° orbital inclination of TRMM/LIS.

The future Geostationary Lightning Mapper (GLM) recently described in Goodman et al.
[2013] is expected to have a profound impact on our understanding of LNOx production. It will
map the locations and time-of-occurrence of total lightning activity continuously day and night
with near-uniform storm-scale spatial resolution and with a product refresh rate of under 20 s
over the Americas and adjacent oceanic regions. The GLM is based on the two heritage low
Earth orbiting lightning mappers OTD and LIS, and it is planned as a payload on the
Geostationary Operational Environmental Satellite R-series (GOES-R) which is presently
scheduled to launch in early 2016. Although the primary objective of GLM is for severe weather
warning (e.g., abrupt increases or “jumps” in lightning activity provide warning lead time to
tornadic storms) the enormous lightning dataset that will be obtained through continuous
monitoring will offer unprecedented detail and lightning statistics from which optimal estimates
of LNOx production can be made. Likewise, other countries are planning similar missions [the
Geostationary Lightning Imager (GLI) on China’s Fengyun-4 (FY4) satellite series, and
Europe’s Lightning Imager (LI) as part of the Meteosat Third Generation (MTG) satellite series].

5.5.3 Top-Down Constraints on LNOx

The global model fit method (section 5.2.3) for estimating the global annual LNOx
production G originally employed airborne observations of NOy [Levy et al., 1996]. But, the
method can also be applied using satellite observations of trace gases. For example, Boersma et
al. [2005] extended the work of Levy et al. [1996] by employing satellite measurements of
tropospheric NO, columns from the Global Ozone Monitoring Instrument (GOME). Satellite
observations of this type offer a powerful “top-down” constraint on LNOx production when used
in conjunction with a mature chemical transport model (CTM).

Another example of employing satellite observations is described in Martin et al. [2007].
Measurements of trace-gases from three satellite platforms were employed to provide
independent top-down constraints on the LNOx source. The space-based measurements
included: tropospheric NO, columns from the Scanning Imaging Absorption Spectrometer for
Atmospheric Chartography (SCIAMACHY) [Bovensmann et al., 1999], tropospheric O;
columns from the Ozone Monitoring Instrument (OMI) [Levelt et al., 2006] and Microwave
Limb Sounder (MLS) [Waters et al., 2006], and upper tropospheric HNO; from the Atmospheric
Chemistry Experiment Fourier Transform Spectrometer (ACE-FTS) [Bernath et al., 2005]. The
global CTM employed was the GEOS-Chem model [Bey et al., 2001]. It was used to identify the
locations and time periods in which lightning would be expected to dominate the trace gas
observations. The space-based measurements were then sampled at those locations and time
periods. All three measurements exhibited a maximum in the tropical Atlantic and a minimum in
the tropical Pacific; the overall pattern was driven by injection of lightning NO into the upper
troposphere over the tropical continents, followed by photochemical production of NO,, HNOs,
and Oj; during transport. Using the distribution of lightning NOy emissions in GEOS-Chem, the
study found that a global emission rate of 6+2 Tg(N) yr' from lightning in the model best
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represents the satellite observations of tropospheric NO,, O3, and HNO;. If one applies equation
(5.1), with the Cecil et al. [2012] global flash rate of 46 flashes/sec, one obtains an estimate P =
G/yF) = 17.8 x 10 molecules/flash = 295.08 moles/flash. The LNOM estimate of 227.49
moles/flash given in Table 5.1 is within 23% [ = (227.49-295.08)/295.08] of this value.

There is more than one way to view the inter-play or optimization process between
bottom-up and top-down constraints for purposes of constraining the estimate of LNOx
production. Figure 5.7 provides one way of conceptualizing the process. The various model
parameterizations in the CTM involving lightning typically include: the lightning thundercloud
flash rate parameterization (RP), the flash energy parameterization (EP), the LNOx yield
parameterization (YP), and possibly even a vertical LNOx profile parameterization (PP).
Additionally, OTD/LIS data, ground-based lightning data, lab data, algorithms, and advanced
models are used to improve these parameterization. In principle, the EP, YP, and PP can all be
adjusted in an attempt to maintain consistency with archived LNOM results.

Unfortunately, standard convective parameterizations in global CTMs fail to reproduce
observations from OTD/LIS. But, the study by Murray et al. [2012] introduced an optimal
regional scaling algorithm for CTMs to fit the LNOx source to the satellite lightning data in a
way that preserves the coupling to deep convective transport; the coarse regional scaling
preserves sufficient statistics in the satellite data to constrain the interannual variability of
lightning. Using GEOS Chem as a test bed, they obtained a value of G = 6.0 = 0.5 Tg(N) yr.

Recently, the uncertainties associated with applying top-down constraints have been
examined [Stavrakou et al., 2013]. The top-down constraint approach implicitly assumes that the
relationship between the emission fluxes and the atmospheric abundances is reasonably well
simulated by the CTM, so that the CTM and measurement data mismatch can be mostly
attributed to the errors in the emission inventories. However, studies mentioned in Stavrakou et
al. [2013] point to flaws in the current mechanisms implemented in CTMs that imply potentially
large impacts on simulated NOy concentrations, and hence on the top-down NOy emission
estimates.

5.5.4 Discriminating Flash Type from Space

Although the lightning mappers discussed in section 5.5.2 are designed to provide total
lightning activity, these optical instruments do not directly provide flash type (ground flash or
cloud flash) classification; i.e., they do not determine the flashes that strike the ground. This is
understandable since the optically thick thundercloud obscures the view making it difficult to
determine flash type. Early examinations of data from the OTD and LIS confirm this difficulty.
At optical frequencies, the thundercloud multiply scatters the lightning source, resulting in a
diffuse cloud top emission that prevents one from deciding whether or not the lightning channel
below cloud top connects to ground. The following subsection highlights the importance of
determining flash type information when estimating LNOx production, and the last three
subsections provide some recent advances in the development of retrieval algorithms that can be
used to help segregate ground flashes from cloud flashes.

5.5.4.1 Why Discriminate?

In order to accurately estimate LNOx production for purposes of regional air quality and
global chemistry/climate models, one needs to know how many flashes occur, and what amount
of NOy each flash produces. In addition, modelers need to know when and where the flashes
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occur and at what altitude; this information allows them to simulate the time-dependent
horizontal and vertical distributions of the LNOx source within their model grid system.

Rather than attempting to specify the LNOx produced from each flash, modelers usually
assign a single, typical value of NOy production P, to all ground flashes, and a single, typical
value P, to all cloud flashes. This is done because ground and cloud flashes involve
fundamentally different discharge processes and occur at different mean altitudes, and hence
there is a reasonable expectation that the two flash types produce different amounts of NOx.

Thus, modelers typically employ LNOx production parameterizations that specifically
require estimates of the values of P, and P.. This implicitly implies that some knowledge of the
relative number of ground and cloud flashes is needed. Even if a modeler assumes that P, = P,
there would still be a desire to discriminate the flash type of flashes observed from space because
cloud flashes deposit NOy at higher altitudes than ground flashes. Differences in the vertical
distribution of the LNOx source directly affect predictions of ozone in both regional air quality
and global climate/chemistry models.

Cloud flashes usually outnumber ground flashes by a typical ratio of 3:1, and this ratio
can be substantially larger, particularly in severe storms. So even if P.is chosen smaller than P,
it is still possible that cloud flashes could be the dominant NOy source.

Previous studies have used vertical profiles from Pickering et al. [1998] that were
determined for a P./P, ratio of 0.1, based on the work of Price et al. [1997]. However, some
studies suggest that the P./P, ratio might be closer to, or even above, unity [Gallardo and
Cooray, 1996; DeCaria et al., 2000; Zhang et al., 2003; Fehr et al., 2004]; see Ott et al. [2010]
for additional summary comments on the size of this ratio.

Presently however, the detailed analyses of the LNOM show that P, is substantially
larger than P, [Koshak et al., 2013, Koshak and Peterson, 2011]. The difference is primarily
attributable to differences in channel length, channel altitude, current magnitude, the number of
strokes in a flash, and types of discharge-dependent NOy production mechanisms present. In fact,
because of the variable nature of lightning and thunderstorms, LNOy production can substantially
vary from one set of ground flashes to another, or from one set of cloud flashes to another. But,
since less empirical data exists on cloud flashes overall, it is acknowledged that the
parameterization of NOy-production mechanisms within cloud flashes could be lacking and that
future improvements to all LNOx parameterizations within the LNOM could tighten, or even
close, the gap between the two flash types.

In any case, since the probability that P, is identically equal to P. is small, and since
cloud flashes deposit more NOy at higher altitudes than ground flashes, the best estimate of the
overall LNOx source is obtained when one can segregate in some way the ground flashes from
the cloud flashes. The next three subsections briefly summarize some methods for performing
this segregation when satellite-based lightning mapper observations are employed.

5.5.4.2 The Mean Method

As mentioned previously, space-based optical observations of lightning normally cannot
directly detect the discharge channel since it is typically obscured by the cloud. However, the
spatio-temporal pattern of the diffuse lightning cloud top optical emission itself provides key
information about whether or not the channel connects to ground. For example, by comparing
OTD and NLDN data, Koshak [2010] showed that the mean Maximum Group Area (MGA) for
ground flashes was appreciably larger than the mean MGA for cloud flashes, so that, for satellite
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lightning mappers, MGA 1is a fundamental variable for discriminating ground flashes from cloud
flashes. Here, a flash is composed of one or more optical groups, and the group of largest area is
the MGA. It was hypothesized by Koshak [2010] that the return stroke, along with any
accompanying simultaneous discharges, produces a relatively large optical group within the
flash, so that a statistically large MGA 1is useful as a type of “return stroke detector.”

The follow-on study by Koshak and Solakiewicz [2011] introduced a first attempt to
retrieve the ground flash fraction based on the MGA variable suggested by Koshak [2010]. That
is, given a set of N flashes observed by a satellite lightning mapper, the algorithm would estimate
the fraction a = N, /N of the flashes that strike the ground, where N, is the number of ground
flashes. The value of N must be large, typically 5000. Denoting x for the value of MGA and
applying some straight-forward algebra, Koshak and Solakiewicz [2011] established a
mathematical relationship between the mean MGA values and the ground flash fraction given by

x=ax,+(l-a)x. , 5.7)
g c

where X, x,,and x, are the mean MGA for all N flashes, for all N, ground flashes, and for all N,

= N — N, cloud flashes, respectively. This equation is easily solved for a in terms of
X, X,,and x,. The value of X is computed directly from the N lightning mapper-observed values

of MGA, and the values of X, andX, were estimated from the conterminus United States

(CONUS) by comparing NLDN and OTD observations. Thus, retrieval errors obtained from this
simple method are expected to increase when other geographical regions and seasons are
considered.

5.5.4.3 The Mixed Exponential Distribution Method
A more sophisticated retrieval algorithm was introduced in Koshak [2011]. Rather than

estimating the values of X, and X, with fixed CONUS means as was done in the mean method

described above, this algorithm modeled the ground and cloud flash MGA density functions with
distinct models. Each model had an exponential form after the low-ends of the ground and cloud
flash MGA distributions were appropriately modified (i.e. shifted by the instrument nadir pixel
footprint). By superpositioning these two exponential density function models, a single mixed
exponential distribution model was obtained that could be used to described the distribution of
measured MGAs. The mixed exponential distribution model had 3 parameters (a, 4, , £.), where

the last two parameters are the population means of the ground and cloud flash MGA
distributions, respectively. The specific form of the mixed exponential distribution model is

ﬁe*)’/#g i (I-a) ok
H, )7

p(y)= , (5.8)

where y is the shifted MGA, and p(y) is its associated density function. The values of these 3
parameters were retrieved from the MGA observations using a formal Bayesian inversion
process and the maximum a posteriori (MAP) solution (see Koshak [2011] for additional details).
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5.5.4.4 The Analytic Perturbation Method

Note that the mixed exponential distribution model discussed above is a fixed model and
one attempts to find the optimum parameters of that fixed model. However, one can still argue
that a different geographical region and/or season might have ground and cloud flash MGA
population distributions that deviate too much from the fixed mathematical model employed. In
addition, both the mean method and mixed exponential distribution method provide no way for
flash typing specific flashes.

These limitations have motivated a very recent study by Koshak and Solakiewicz [2013].
They introduce a model-independent method for retrieving the ground flash fraction; the method
also subsequently determines the flash type of each of the N flashes. Once again, the value of N
must be large, typically 5000 (although reasonably small solution retrieval errors are obtained for
values of N as low as 2000). The model-independent approach is called the Analytic Perturbation
Method (APM).

The idea behind the APM is to avoid making any assumptions about how the MGAs are
distributed in a particular geographical region for a particular period of time (e.g., season); the
region and period are collectively referred to as the “target.” To accomplish this, one carries out
an instrument “burn-in” phase wherein the lightning mapper samples (typically thousands) of
lighting in the target of interest. Using independent ground flash observations (e.g., NLDN, or
GLD360 data) one can flash-type the sampled flashes observed by the lightning mapper, and
therefore estimate the true ground and cloud flash MGA density functions. These ‘“climate”
density function estimates are then used as baselines or starting points in any actual subsequent
retrieval.

In the subsequent operational retrieval, the lightning mapper makes an observation of N ~
5000 flashes in the target of interest. Next, the mathematical theory of the APM provides a way
to perturb away from the climate baselines in order to retrieve, for the set of N observed flashes,
the ground and cloud flash MGA density functions, the ground flash fraction, and the flash type
of each flash. The APM solution for the retrieved ground flash fraction a, and the retrieved
ground and cloud flash MGA density functions, described by the vectors (g,, ¢,), is given by (see
derivation given in Koshak and Solakiewicz [2013]):

 _(m-b@-b)
"~ @-by
g, =m+(1-a,)a-b) (5.9)

c.=m-q,(a-b) .

Here, the climate ground and cloud flash MGA density functions are described by the vectors (a,
b). The frequency distribution of the observed MGA values can be described by a vector M;
dividing this vector by the sample size N gives the vector m. So m is a measured quantity
provided by the lightning mapper. Mathematically, m is a vector that describes the MGA mixture
density; i.e., m = ag + (1- a)¢ where (g, ¢) are vectors that describe the true ground and cloud
flash MGA density functions. The APM solutions in equation (5.9) provide the retrieval
estimates to each term on the right hand side of this expression of m.
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Using the results in equation (5.9), Koshak and Solakiewicz [2013] obtained the
probability, Pg(x), that a flash, having an MGA value equal to x, is a ground flash. The
expression they derived is given by

_ 2,8, (x)
) e g 10

The values on the right hand side of equation (5.10) are given in equation (5.9) where the density
functions g,(x) and c¢,(x) are described by the vectors g, and c,, respectively. The flash typing
approach is straightforward; i.e., Pg{(x) > 0.5 = ground flash, and Pg(x) < 0.5 = cloud flash.
Koshak and Solakiewicz [2013] performed detailed simulations and found that the APM
performed quite well; the mean ground flash fraction retrieval errors were below 0.04 across the
full range 0-1, and the fraction of flashes accurately flash typed averaged better than 78%.

If it 1s not feasible or possible to conduct a burn-in process for a particular target, call it
target A, it is possible to apply to target A the burn-in results (i.e. climate vectors) from a
different target (target B). However, retrieval errors will be large if the thunderstorm and
lightning characteristics of target A differ from those of target B.

Overall, the basic idea is to provide the lightning mapper sufficient “training” via the
burn-in approach so that the lightning mapper can then run autonomously for a wide range of
targets, including possibly those targets that may have no, or inadequate, independent lightning
flash type validation measurements available.

The ideal future application of the APM is to apply it to the global OTD/LIS climatology
in order to partition the lightning climatology into separate ground and cloud flash climatologies.
Optimal estimates of the NOy produced per ground and per cloud flash, possibly by future
improved versions of the LNOM containing updated parameterizations for cloud flashes, could
then be applied to these climatologies to recalculate the global LNOx production, G. Of course,
this estimate could be updated once again in the same manner as future GLM, GLI, ISS/LIS, and
LI data become available.
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