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Abstract 

A 3-D cloud scale chemical transport model that includes a parameterized source 

of lightning NO, based on observed flash rates has been used to simulate six midlatitucie 

and subtropical thunderstorms observed during four field projects. Production per 

intracloud (Prc) and cloud-to-ground (PCG) flash is estimated by assuming various val~1e4 

of Prc and Pcc for each storm and determining which production scenario yields NOx 

mixing ratios that compare most favorably with in-cloud aircraft observations. We obtairl 

a mean PCG value of 500 moles NO (7 kg N) per flash. The results of this analysis also 

suggest that on average, PIC may be nearly equal to PCG, which is contrary to the common 

assumption that intracloud flashes are significantly less productive of NO than are cloud- 

to-ground flashes. This study also presents vertical profiles of the mass of lightning NO, 

after convection based on 3-D cloud-scale model simulations. The results suggest that 

following convection, a large percentage of lightning NO, remains in the middle and 

upper troposphere where it originated, while only a small percentage is found near the 

surface. The results of this work differ from profiles calculated from 2-D cloud-scale 

model simulations with a simpler lightning parameterization that were peaked near the 

surface and in the upper troposphere (referred to as a "C-shaped" profile). The new 

model results (a backward C-shaped profile) suggest that chemical transport models tlmt 

assume a C-shaped vertical profile of lightning NOx mass may place too much mass neat 

the surface and too little in the middle troposphere. 



1. Introduction 

The oxides of nitrogen, (NO + NO:! = NO,), are important 0 3  precursors in the 

troposphere. Of the major sources of NOx in the troposphere, lightning remains the 

source with the greatest uncertainty and is particularly important because it produces h 1 ,  

in the middle and upper troposphere where NOx is longer lived and can be more efficient 

at producing ozone than in the boundary layer. The representation of lightning NO, 

(LNO,) in three-dimensional (3-D) regional and global chemical transport models 

(CTMs) is critical to the models' representation of ozone and other species such as OIi 

[e.g. Stockwell et al., 1999, Labrador et al., 20041. Labrador et al. 120051 found that b(1th 

the magnitude of the global LNO, source strength and its vertical distribution can 

substantitally affect tropospheric trace gas concentrations in a global CTM. IPCC [2007) 

suggests a global LNO, source of 1.1-6.4 Tg N yr-' based on the work of Boersma et al. 

[2005]. However, Schumann and Huntrieser et al. 120071 have comprehensively 

summarized estimates of global LNO, production and found the best estimate to be 5 2  3 

Tg N yr-l. 

In order to adequately represent the LNO, source in global or regional models. I hc 

geographic distribution of Rashes, average production of NO per flash, and vertical 

distribution of LNO, following convection must be specified. A variety of schemes hat c 

been used to specify the horizontal distribution of flashes (e.g. using variables such as 

cloud-top height, upward cloud mass flux, convective preciptation, and CAPE as 

predictors). Allen and Pickering 120021 have evaluated their use in global 3-D CTMs. 

The production of NO per flash has also been examined using laboratory experiments, 

theoretical assumptions regarding the physics of lightning flashes, and observations 

obtained during field projects. Despite these efforts, a great deal of uncertainty remain> 



regarding NO production on a per flash basis, as well as the relative production by 

intracloud (IC) and cloud-to-ground (CG) flashes. On the basis of previous studies, 

which suggested that IC flashes were less energetic than CG flashes (e.g. Holmes et ai.. 

1971), many studies of lightning NO, production have assumed that PIC is less than PC ,. 

Price et al. [I9971 assumed that a CG flash produces approximately 1100 moles of NO 

and that an IC flash was one tenth as productive of NO as a CG flash in estimating gloh'ii 

lightning NOx production. 

However, a number of more recent studies have suggested that PIC may be nearl) 

as great as PCG. Gallardo and Cooray [I9961 suggested that IC flashes may dissipate 

nearly as much energy as CG flashes and therefore PIC may be on the order of Pcc. 

Supporting the Gallardo and Cooray [I9961 hypothesis, a two-dimensional (2-D) cloucl- 

scale modeling study by DeCaria et al. [2000] suggested that the PIc/PcG ratio is likelj 

between 0.5 and 1.0 and a 3-D modeling analysis by DeCaria et al. [2005] narrowed ti?!, 

range to between 0.75 and 1.0. A study by Fehr et al. [2004] used a 3-D cloud-scale 

model simulation of a storm observed over Germany, and by comparing with lightning 

and aircraft observations, concluded that on average, an IC flash produced 40% more ;".\r 1 

than a CG flash. Zhang et al. [2003] argued that IC flashes may dissipate 50-1 00% as 

much energy as CG flashes because they have a large number of return strokes which 

where neglected in the Price et al. [1997) calculations. Rahman et al. [2007] found that 

results from experiments with rocket-triggered lightning suggested that NO, productio~l 

was associated with relatively long duration continuing currents, which may be greater in 

IC flashes than in CG flashes, leading to the implication that IC flashes may produce a,, 

much or possibly more NOx per flash than CG flashes. Recent estimates of energy 

dissipated by IC and CG flashes using electrical potential and charge density 



measurements by Maggio et al. [2008] also suggest IC flashes may dissipate as much or 

more energy than CG flashes. 

Pickering et al. [1 9981 presented vertical profiles of Lightning NOx for use in 3 i i 

CTMs based on the results of 2-D cloud-resolving model simulations of seven convecii\ t. 

events. These simulations assumed the production scheme of Price et al. [1997]. NO, 

produced by CG flashes was distributed in the simulated storms from the surface to thc - 

15°C isotherm while NO, produced by 1C flashes was distributed from the -1 S°C 

isotherm to the cloud top. Average profiles of LNO, mass computed for the midlatitulle 

continental, tropical continental, and tropical marine regimes showed peaks in mass near 

the surface and in the upper troposphere, leading many CTMs to adopt a C-shaped 

vertical distribution of LNOx mass. 

This paper has two primary objectives: (1) to summarize the results of 3-D clo~tii- 

resolved storm simulations yielding estimates of NO production per flash and (2) to 

update the vertical LNOx profile information of Pickering et al. [1998]. Six storms fi-oil1 

field projects conducted in Germany, Colorado, south Florida, and Kansas/Oklahoma 

have been simulated using a 3-D cloud-scale chemical transport model (CSCTM) that 

includes a parameterized source of LNO,. LNO, production per flash is estimated 

individually for five of the six storms. In this study we present vertical distributions of 

LNO, calculated from each of these 3-D simulations as well as average vertical profiles 

for the midlatitude continental and subtropical events, which can be applied in regional 

and global CTMs. Section 2 describes the methodology used in these studies, while 

section 3 presents results from the individual storm simulations. Section 4 discusses titi? 

results of the storm case studies and their application to global models and remote 

sensing. Section 5 presents conclusions that may be drawn from this work. 



2. Methodology 

Storms from the Cirrus Regional Study of Tropical Anvils and Cirrus Layers - 

Florida Area Cirrus Experiment (CRYSTAL-FACE; Ridley et al., 2004; Lopez et al., 

2006), European Lightning Nitrogen Oxides Project (EULINOX; Huntrieser et al, 200 9- 

Stratosphere Troposphere Experiment: Radiation, Aerosols and Ozone (STERAO; Dl c ci 

al., 2000), and Preliminary Regional Experiment for STORM (PRE-STORM; Rutledge 

and MacGor~nan, 1988) field projects were simulated. With the exception of the PIG- 

STORM event, all of these storms featured measurements of chemical and 

meteorological properties by research aircraft at anvil levels. The time, location, and 

peak current of CG lightning occurrences in all storrns were recorded by ground-based 

systems, and during STERAO and EULINOX, total lightning activity (IC + CG) was 

mapped by a VHF interferometer. In addition, all experiments included extensive 

satellite and radar observations of storm development and evolution. 

The dynamical evolution of each storm was simulated using a cloud-resolving 

model and the temperature, wind, and hydrometeor fields were then used to drive the 

offline CSCTM. For each storm, various LNO, production per flash scenarios were 

simulated and model results were compared with in-cloud aircraft observations of NO, 

through use of mean profiles, column NO, mass, and probability distribution functions o l  

simulated and observed NO, to determine the most appropriate scenario. At the end oi 

the CSCTM simulation, the mass of N fixed by lightning was calculated at each model 

level, and the percentage of the total mass of LNO, was calculated for 1-km layers. 

A detailed description of the CSCTM is found in DeCaria et al. [2005]. In this 

version of the model, LNO, production is computed using observed IC and CG flash 

rates and a specified scenario of PIC and PCG to calculate the mass of NO injected into r 1 : i e  



cloud per time step. Both laboratory experiments (Wang et al., 1998) and theoretical 

considerations (Price et al., 1997) have pointed to a strong dependence of LNOK 

production on stroke peak current. Therefore, we have made initial estimates of PCG 

using these relationships because peak current data for return strokes are available fro~s-I 

ground-based network observations of CG flashes. However, this assumption contribu; cs 

to uncertainty in the results because recent work with rocket-triggered lightning (Rahnlnn 

et al., 2007) has suggested that return strokes are not the primary NO-producing phase o f  

a lightning flash. Field experimental results from TROCCINOX (Tropical Convectioti. 

Cirrus and Nitrogen Oxides Experiment) in Brazil (Huntrieser et al., 2008) have 

suggested a more minor dependence on stroke peak current. 

The NO produced by CG flashes is distributed unimodally in the vertical, whilc 

the NO produced by IC flashes is distributed bimodally based on the vertical distributions 

of very high frequency (VHF) sources of IC and CG flashes presented in MacGorrnan 

and Rust [1998]. The two modes correspond to the two main charge centers in a typic :ii 

thunderstorm cloud. The vertical distributions of IC and CG lightning channels used ii: 

the model are shown in Figure 2 of DeCaria et al. [2005]. The modes of the IC 

distribution are nominally set at the heights of the -1 5°C and -45°C isotherms. Howex er. 

the vertical distribution of IC channels is modified as necessary in some storms by 

changing the upper mode isotherm to account for a higher or lower cloud top and to 

match the upper tropospheric peak in aircraft observations of NO,. At each model levci. 

the lightning NO is distributed uniformly to all grid cells within the 20 dBZ contour 

computed from simulated hydrometeor fields. A passive version of the CSCTM incltiifc\ 

only the transport of tracer species and production of lightning NOx. In this version, 

three types of NO, (pre-existing NOK, CG LNO,, and IC LNO,) are transported witho ii 



any chemical reactions and the results are used to estimate average NO, produced by i i  

and CG flashes. Various production scenarios are specified and the model results 

compared with in-cloud aircraft observations to determine a first estimate of the most 

appropriate LNO, production scenario for the storm in question. 

A version of the model that includes O3 photochemistry is used to separate NO, 

into NO and NO2 and obtain a final and best estimate of NO production by IC and CCr 

flashes. The chemical mechanism for the STERAO storms is described in DeCaria et al. 

[2005]. In the CRY STAL-FACE and EULINOX simulations, the chemical scheme is 

identical to that described in DeCaria et al. [2005] with the exception that in these case?. 

isoprene and propene chemistry was included. Initial profiles of ozone were constructed 

using out-of-cloud aircraft observations, and when necessary to fill gaps, climatologic.rl 

ozone profiles appropriate for the latitude of the storm in question. The CSCTM incluiic:, 

a simple scheme to represent the influence of clouds on photolysis rates based on the 

work of Madronich [I9871 and fully described in DeCaria et al. [2005]. Clear sky 

photolysis rates are calculated following Stamnes et al. [I9881 using observed columrt 

ozone amounts measured by the Total Ozone Mapping Spectrometer (TOMS) or, in tlre 

case of the STERAO storms, ozonesondes launched from Boulder, Colorado. 

Perturbations to clear sky photolysis rates are determined by cloud thickness with ver? 

thick clouds (deeper than 5 km) resulting in photolysis rates multiplied by a factor of 2 

above the cloud and 0.1 below the cloud base with a linearly interpolated degree of 

enhancement at intermediate altitudes. 

9 
3. Results 

3.1 Subtropical Events 



The CRYSTAL-FACE experiment was conducted over South Florida in July, 

2002 and two storms investigated during the campaign were simulated. The July 29 

CRYSTAL-FACE storm was simulated using the NASA Goddard version of the non- 

hydrostatic PSUINCAR (MM5) mesoscale model (Tao et al., 2003b) with a horizontal 

resolution of 2 km and vertical resolution of 0.5 krn. At 1700 UTC (1 300 LT) on Ju11 1q. 

2002, a powerful thunderstorm developed along the west coast of Florida near Fort 

Myers. While the storm intensified and moved north along the coast, the area in and 

above the anvil was sampled by the NASA WB-57 research aircraft from 1845 to 20 1 1 

UTC at altitudes ranging from 12.5 to 13.8 km. The coastal convection later merged i t  i ~ i i  

convection originating near Lake Okeechobee. Figure 1 shows the time series of CG 

flashes recorded by the National Lightning Detection Network (NLDN) from 1700 to 

2300 UTC. The July 29 storm was an exceptionally strong lightning producer with 4 108 

CG flashes recorded during this period. Maximum CG flash rates exceed 30 flashes ~IC- '?  

minute. These lightning flash rates and their relationship to NO observations from the 

WB-57 aircraft have been discussed by Ridley et al. 120041. 

Simulated convection along the coast began earlier than observed by 

approximately three hours, but a number of storm features were successfully reproduced. 

including cloud top height and the direction of storm movement. The transport of CO 

(initial boundary layer maximum) and O3 (initial stratospheric maximum) were calcuJ,~i ctI 

by the CSCTM and compared with in-cloud observations using probability distributin~l 

functions (pdfs). The model overestimated the frequency of values in the upper end of 

the frequency distributions for both CO and O3 at anvil levels, suggesting that both 

upward and downward transport in the model may be too strong. However. the inten.e 

lightning activity in the thunderstorm and extremely elevated NOx mixing ratios (up r f  ; 0 



ppbv) observed in the anvil indicate that the lightning NO, source in this storm was 

extremely strong. As a result, errors in transport are unlikely to significantly affect the 

estimate of LNO, production per flash in this case. 

Because the NLDN only recorded the occurrence of CG flashes during 

CRYSTAL-FACE, IC flashrates were estimated for the July 29 storm. NLDN flashes 

with positive peak current less than 10 kA are thought to be IC flashes [Cummins et al.. 

19981. These flashes were removed from the NLDN observations to estimate CG flash 

rates. The percentage of recorded flashes with positive peak current less than 10 kA 1% ,is 

calculated during both the July 29 storm and the month of July as a whole. The 

percentage of such flashes in the July 29 storm was larger by a factor of 2.5 than the 

percentage for the month of July which may indicate an enhancement of the ICfCG ratit) 

in the July 29 storm over the climatological value. To account for this enhancement, ti;; 

south Florida climatological value for the IC/CG ratio of 2 from Boccippio et al. [200 1 1 

was multiplied by 2.5 to estimate an ICICG ratio of 5. The upper mode of the verticat 

distribution of IC flash channel segments was set to -45OC. 

Pee was estimated to be approximately 590 moles NO based on observed meair 

peak current (19 kA) and a relationship between peak current and energy dissipated from 

Price et al. [1997]. Various values of the PIC/PCG ratio were simulated and the results 

compared with aircraft NO, observations (observed NO + estimated NOz). NO2 was 

estimated using NO and O3 observations and the photostationary state assumption 

because no direct measurements of NO2 were available. Following the work of 

Madronich (1 987), who demonstrated that actinic flux and photodissocation could 

increase within clouds, NO2 mixing ratios were calculated assuming both clear sky 

pbotolysis rates and rates enhanced by a factor of 2. The observed column mass of N ill 



NOx was calculated for the 1 km thick layer extending from 12.25 to 13.25 Ism by 

computing layer mean in-cloud NOx mixing ratios. Assuming that photolysis rates werc 

enhanced in the cloud yielded a column mass of 6.6 x lo-' g N m-2 while assuming th;cl 

photolysis rates were unaltered by the cloud yielded a column mass of 7.0 x loe4 g N 111 ' 
Table 1 shows the sensitivity of CSCTM-calculated column mass to the assumed PIc/P! $ ,  

ratio, Assuming that an IC flash is on average 60% as productive of NO as a CG flash 

yields the most favorable comparison with column mass of nitrogen estimated from 

aircraft observations when an IC/CG ratio of 5 is assumed. 

Figure 2 shows the pdfs of observed and simulated in-cloud NO, assuming that 

PIC equals 50 and 60% of PCG and an ICICG ratio of 5. When compared with observect' 

250 pdfs at both 12.5 and 13 km, the production scenario that assumes a PIC/PCG ratio of 0.5 

compares more favorably than assuming a Prc/PcG ratio of 0.6. The pdfs show that the 

underestimation of the simulated column mass assuming a P I ~ I P ~ G  ratio of 0.5 results 

from the inclusion of gridcells with background NOx concentrations as well as the 

underestimation of the distribution at 13 km between 2 and 6 ppbv. Based on the 

comparison of simulated and observed pdfs and computed column mass, it is estimated 

that in the July 29 CRYSTAL-FACE storm an IC flash on average produced 5040% as 

much NO as a CG flash while an average CG flash produced 590 moles NO. The 

assu~nption that an IC flash is one tenth as productive of NO as a CG flash significantl~ 

underestimated NOx when compared to column mass estimates calculated from in-cloiici 

aircraft observations. When chemical reactions were simulated in addition to lightning 

NO, production and convective transport, a loss of NOx occurred due to conversion to 

reservoir species. The simulated column mass of N in NOx decreased by approximatclv 

5% from the values shown in Table 1. The PIC/PCG ratio of 0.6 was selected for the 



264 subsequent calculations because it continued to provide the best comparison with the 

265 column mass estimates derived from aircraft. It should be noted that the production 

scenario discussed above was deduced assuming that the IC/CG ratio in this particular 

storm was greater than the climatological IC/CG ratio for south Florida by a factor of 3.5 

Because many more weak positive flashes (which are believed to be IC flashes) were 

recorded in this storm than was typical for the South Florida area during the month 04. 

July, it is likely that the IC/CG ratio was elevated above the climatological value. If 

instead the climatological IC to CG ratio of 2 is assumed, an IC flash must produce 50" " 

more NO than a CG flash to match aircraft observations. 

It should be noted that the assumptions of IC/CG ratio, Pcc value, and Prc/PcG 

ratio contribute to uncertainty in the production scenario estimate. Figure 3 shows all  lie 

possible production scenarios that yield NOx mixing ratios which would match obserl e i i  

column mass when IC/CG ratios of 2 or 5 are assumed. The symbols on the curves shc !:L 

277 our best estimates (PcG = 590 moles/flash with P1e/PCG at 0.6 and 1.5) based on the 

278 observed mean peak current. Most literature estimates of PCG range from 200 to 1 100 

279 moles NO per flash. For this range of PCG values, the PIc/PcG ratio could range from 0.3 

280 to 4 in the July 29 CRYSTAL-FACE storm. If PIC is assumed to equal PCG, then PCG 

281 must be between 350 and 850 moles NO per flash depending on the number of IC fla:-il,-~. 

282 which are assumed to have occurred. This analysis puts bounds on the uncertainty 

283 associated with assuming a single production scenario. If the IClCG ratio was known to 

284 be 5 for this storm, the uncertainty would be reduced. Prc/PcG would be in the 0.3 to 1 * 
285 range (assuming PCG is between 200 and 1100 moles NO per flash). The assumption r ! u t  

286 IC and CG lighting are equally productive of NO on a per flash basis would yield a 

287 production of 3 50 moles NO per flash. This analysis demonstrates the need for 



288 observations of IC flashes in future experiments and more definitive information on tlic 

289 relationship between peak current or other electrophysical variables and LNO, 

290 production. 

29 1 A vertical cross section of simulated NO, through the core of the coastal storni ,tt 

292 the end of the 240 minute simulation is shown in Figure 4 (assuming PCG = 590 moles 

293 NO, PIC = 354 moles NO, and an IClCG ratio of 5). Maximum NO, mixing ratios excecci 

294 11 ppbv in the convective plume extending west fiom the Florida coast in the 10 to 12 

295 krn region. Figure 5 shows the vertical profile of the lightning NOx mass as it is 

introduced into the model domain, as well as its profile following convection fiom the 

same simulation as Figure 4. The bimodal distribution of the profile of injected LNO, 

mass reflects the bimodal distribution of IC flash channel segments calculated by the 

CSCTM. The upper mode peak is initially smaller in magnitude because the LNO, is 

distributed with a dependence on pressure as described in DeCaria et al. [2005]. Upw ,it d 

transport during the storm results in LNO, originally introduced into the model at 

altitudes near the lower mode peak residing near the top of the cloud following 

convection. 

On July 16,2002, an isolated convective system developed northwest of Miami 

shortly after 1900 UTC (1 500 LT) and was investigated as part of the CRYSTAL-FAC I 

project. Over the next few hours, the storm moved west across the Florida peninsula ai 161 

was extensively sampled by the WB-57 from 1936 to 2306 UTC at altitudes ranging fi.~i:i 

9 to 15.5 km AGL. The storm was simulated using the Advanced Regional Predictiol! 

System (ARPS) described in Xue et al. [2000; 20011 with a horizontal resolution of 2 Lm 

and vertical resolution varying from 25 m near the surface to 0.5 km near the top  oft!^ 

model domain at approximately 25 km. A number of different types of observations. 



including radar reflectivity, were assimilated into the simulation. The simulated tempo[ .i: 

evolution of the storm matched observations well, as did storm size. The CSCTM was 

used to calculate the transport of tracer species CO and O3 and a comparison of modei 

results with anvil aircraft observations showed that the model adequately represented 

transport within the storm. 

Figure 6 shows the time series of flash rates recorded by the ground-based NL i>'lg 

from 1900 to 2300 UTC. In contrast to the July 29 CRYSTAL-FACE storm, the July I6 

storm was a relatively weak lightning producer with only 301 CG flashes recorded duri.~': 

this period and a maximum CG flash rate of 9 flashes per minute. The percentage of 

weak positive flashes (peak current < 10kA) was calculated during the July 16 storm allt i 

was over 20 times greater during the storm than for the month of July as a whole. 

Because the flash rate during the storm represented too small a sample to reliably m a k  :i 

large adjustment, IC flash rates were estimated from the observed CG flash rates and 

325 climatological IC to CG ratio of 2 for south Florida from Boccippio et al. [2001]. Bascti 

326 on the mean peak current of CG flashes recorded by the NLDN for this storm (23 kA). 

327 Pcc was estimated to be 700 moles of NO. In this simulation, the upper mode of the It' 

328 flash channel distribution was set to -60°C. Several different values of the Prc/PcG ratio 

329 were simulated and the results compared with observations. The assumption that on 

330 average, an ZC flash produces 75% as much NO as a CG flash yielded the most favorat-tle 

33 1 comparison with the column mass of N in NOx estimated from observations when 

332 chemical reactions were not simulated. The simulation of chemistry led to a decrease ::I 

333 NO, mixing ratios due to conversion of NO, to reservoir species such as HN03 and Pri \ 

334 In order to match aircraft observations, a PIC/PCG ratio of 0.9 was needed. Figure 7 sh. 1 - 

335 a vertical cross-section of NO, calculated assuming this production scenario taken 



through the core of the storm after 180 minutes of simulation. Maximum NOx mixing 

ratios exceeding 5 ppbv are found at 6.5 km while lower concentrations are found in thc 

upper part of the core and anvil. 

Figure 8 shows the percentage of the mass of N in LNO, in each kilometer-deep 

layer after both the July 16 and 29 CRYSTAL-FACE storms. Following the July 29 

storm, the maximum in the vertical mass distribution is found at anvil levels (-1 0 - 1 1 

h). In the case of the July 16 storm, the maximum is found in the 6-7 km layer, 

coincident with the lower mode of the vertical distributions of the LNO, source in the 

CSCTM. A smaller peak is found in 9-10 km layer, the height of the upper mode of t l ~ c  

distribution, and another peak at 12- 13 km, near the top of the cloud. These vertical 

LNO, mass distributions are based on the assumed IC to CG ratios of 2 and 5 for the Jr:;? 

16 and 29 storms, respectively. Because IC to CG ratios may be highly variable and la, xi: 

estimated for these simulations, the results of a sensitivity test of the assumption of IC 0 

CG ratios of 2 and 5 are shown for the July 16 storm in Figure 9a and for the July 29 

storm in Figure 9b. For both storms, assuming an IC to CG ratio of 2 results in a slightly 

larger percentage of LNO, mass residing in the lower and middle portion of the cloud <I;IJ 

a smaller percentage of LNO, mass near the cloud top (1 2- 14 km for the July 16 case a x  

10- 12 km for the July 29 storm). 

3.2. Midlatitude Continental Events 

The STERAO field project was conducted in June and July, 1996 over 

northeastern Colorado to study lightning NOx production and convective transport of 

chemical species. CG lightning activity was monitored by the NLDN, while total 

lightning activity, including both CG and IC flashes, was mapped by a VHF 

interferometer. Two storms observed during the STERAO field project were simulatec! 



and lightning NOx production per flash estimated in each. A similar analysis was 

conducted for one storm from the EULINOX field project conducted in southern 

Germany in July 1998. The fourth midlatitude s tom simulated was from the 1985 

PRESTORM experiment conducted over KansasJOklahoma. 

All four midlatitude storms were simulated using the 3-D Goddard Cumulus 

Ensemble (GCE) model, which is described in Tao and Simpson El9931 and Tao et al. 

[2003a]. A description of the GCE simulation of the July 12 STERAO storm is contati~c.J 

in Stenchikov et al. [2005], while the results of the chemical transport model simulatioii 

368 are found in DeCaria et al. [2005]. Between 2000 and 2400 UTC (1400 and 1800 LT) 

369 188 CG flashes and 2 121 IC flashes were recorded by the NLDN and interferometer, 

370 respectively. Flash counts for the STERAO storms only include interferometer flashes 

371 with duration greater than 100 ms. Whether or not short duration flashes, which woulii 

372 not be recorded by some lightning detection systems, are productive of NO is an open 

373 question. DeCaria et al. [2005] estimated that Pcc was 460 moles NO based on the mcci 

374 peak current of 15 kA. Assuming that an IC flash was equally as efficient at produci~~g 

NO as a CG flash yielded the best comparison with observations in terms of mean 

vertical profile shapes while a Prc/PcG ratio between 0.75 and 1 compared most favorabi~ 

with observed column mass. 

On July 10, 1996, a multi-cellular thunderstorm organized in a northwest to 

southeast line developed near the Wyoming-Nebraska border at approximately 2 100 1 i (_' 

(1 500 LT) and was observed as part of the STERAO campaign [Dye et al., 2000; 

Skamarock et al., 2000; 20031. Research aircraft investigated the storm from 2237 to 

0 105 UTC. After 0 11 5 UTC, the storm became unicellular with supercell chracteristrc 5 

IC lightning activity dominated throughout the lifetime of the storm with only 77 CG 



flashes and 3223 IC flashes recorded between 2201 and 0206 UTC. The University ot 

North Dakota Citation aircraft observed maximum NO mixing ratios of 1 ppbv 

approximately 60 km downstream of the storm cores [Dye et al., 20001. 

The GCE model with a horizontal resolution of 2 km and 0.5 km vertical 

resolution was used to simulate the July 10 STERAO storm. The GCE and CSCTM 

simulations were included in a cloud-chemistry model intercomparison study describcci in 

Barth et al. [2007]. Both the magnitude and height of the simulated peak updraft veloi iry 

compared well with observations. Convective transport was evaluated by comparing 

simulated CO and O3 mixing ratios with observations obtained during two across-anvi i 

transects. While the simulation underrepresented transport during the first transect, 

mixing ratios in the later transect were reproduced well by the CSCTM simulation, 

indicating that convective transport was adequate after an initial spin-up period. 

Simulated storm speed and cloud top heights compared favorably with radar 

observations. For the simulations of the July 10 STERAO and July 21 EULINOX 

storms, the parameterization of LNO, production was modified to simulate individual 

flashes. The method is fully illustrated i~z Ott et al. [2007]. Each flash is simulated b: 

selecting grid cells at random from an area of the domain centered just downwind of the 

maximum updraft, which is similar in size to the area where lightning flashes typicallj 

occurred. The downwind location was chosen based on plots of radar reflectivity and 

flash location in Holler et al. [2000] and Dye et al. [2000] that show the majority of 

lightning activity occurring slightly downwind of the core updraft region. The number i 

grid cells included in a flash at each level is determined by vertical distributions adapted 

from the Gaussian distributions calculated in the original bulk method of LNO, 

parameterization described in DeCaria et al. [2005]. Simulations of both the July 10 



STERAO and July 21 EULINOX storms using both the original and modified LNO, 

parameterizations show that the difference in parameterization produces little change i i i 

the vertical distribution of LNO, following convection. The upper mode of the IC fla.,:! 

channel distribution was set to -50°C for the July 10 STERAO storm. 

In the July 10 STERAO storm, PcG was estimated to be approximately 390 moiek 

based on the observed peak current (1 3 kA) of CG flashes. Assuming a Prc/PcG ratio 01 

0.5 matched in-cloud aircraft observations well when chemical reactions were not 

considered. When chemical reactions were simulated, the PIc/Pcc ratio was increased ro 

0.6 to match observations. Figure 10 shows a vertical cross section of calculated NO, 

through the core of the southernmost cell in the line of thunderstorms at the end of the 

180 minute simulation. NOx mixing ratios exceed 2.8 ppbv at 3.5 km above the surfacc 

but are only -1 ppbv in the anvil region. 

The EULINOX field project was conducted in central Europe in June and Jull 

1998 in order to study lightning NO, production over Europe. In addition to two resear$$ * 

aircraft, the project included observations of CG lightning activity from the ground-b;lbi-il 

lightning detection system known as BLIDS (Blitz Informationsdienst von Siemens). 

One storm from the EULINOX project, which occurred on July 2 1, 1998 over souther11 

Germany, was simulated using the GCE model. The storm developed as a single cell ,::,d 

after an initial period of intensification split into two distinct cells. The northernmost cell 

became multicellular in structure and was observed to decay rapidly, while the southe* il 

cell strengthened and developed supercell characteristics. The southern cell producect 

360 CG and 2565 IC flashes between 1640 and 1900 UTC (1 840 and 21 00 LT), while 1 kc 

northern storm produced 289 CG and 8 15 IC flashes. The GCE simulation succeeder! * 

reproducing a number observed storm features. including the cell-splitting. A full 



description of the GCE and CSCTM simulations is provided in Ott et al. [2007].  bas^ L, 

on the mean peak current (12 kA) of CG flashes, PcG was estimated to be 360 moles b:O 

The upper mode of the IC flash channel distribution was set to -45'C in this simulatioi-. 

Several different values of Pic were simulated, and the scenario in which Prc is equal to 

PCG was found to compare most favorably with observations, though observed columll 

mass was underestimated by 10%. In order to match observed column mass, the PIC/[" . 
ratio needed to be increased to 1.15. 

In addition to the STERAO and EULINOX storms, the June 10-1 1 squall line 

observed during the PRE-STORM project was simulated using the GCE model. The 

June 10-1 1 squall line has been documented extensively [e.g. Johnson and Hamilton, 

1988; Rutledge et al., 19881 and has previously been simulated using the 2-D version : i t  

the GCE [Tao et al., 19931. In this case, the horizontal resolution of the 3-D GCE was 

1.5 km and vertical resolution varied from approximately 0.25 krn near the surface to 

slightly more than 1 km near the top of the domain at 2 1.4 krn. During PRE5STORM the 

occurrence of CG lightning flashes was recorded by the National Severe Storms 

Laboratory's Lightning Location Network. Based on a time series of positive and 

negative CG flash rates from Nielsen et al. [1994], approximately 6500 CG flashes 

occurred during the storm's lifetime. Observations of total lightning activity were 

unavailable, so the climatological IC/CG ratio of 3 for the region [Boccippio et al, 20C1 I 

was assumed to estimate IC flash rates. The upper mode of the IC flash channel 

distribution was set to -45°C. No observations of the chemical environment of the sqt!.~'! 

line anvil are available. Therefore, it was not possible to estimate a production scena-io 

for IC and CG flashes as in the other five storms. Instead, the average value of PC- 



455 calculated over the five other storms (-500 moles NO per flash) was used along with at, 

estimate of PIC that was 85% of PCG or 425 moles of NO. 

Figure 11 shows the vertical distribution of the mass of N in LNOx for the foui 

rnidlatitude continental storms. The distributions for the four storms all reflect the doi11.1~ 

peaked distribution of LNO, produced by IC flashes in the model. There is variation 

between the simulations in the dominant mode of the lightning distributions. In the 

EULINOX and PRESTORM storms whose IC to CG ratios were on average 5 and 3, 

respectively, a higher percentage of LNO, mass is found near the height of the lower 

mode of the IC distribution, which is also the mode of the CG distribution. In the J u l ~  i~ 

and July 12 STERAO storms, which had average IC to CG ratios of 33 and 8 during th- 

time periods simulated, a greater percentage of LNO, mass resides near the height of ti1 : 

upper mode of the IC vertical distribution following convection. In addition to the IC 

CG ratio, the dominance of the modes is likely affected by storm dynamics and the 

timing of IC and CG flashes in relation to the evolution of the storm. 

4. Applications for large-scale models and remote sensing 

4.1 Vertical distribution of lightning NOx mass 

We have presented results from the simulations of six thunderstorms using the - 3 -  

D CSCTM. Figure 12a shows the average vertical distribution of the mass of N in Lhi  1 ,  

calculated by averaging the case studies in the subtropical regime and Figure 12b sho.il 

the average vertical distribution for storms in the midlatitude regime overlaid with thv 

vertical distribution calculated by Pickering et al. [1998]. Both plots are overlaid witk 

smooth curves fit to the regime average. Table 2 lists the percentages of LNO, mass il: 

each 1 -km layer taken from the smoothed curves. In both regimes on average, only a 

small percentage of LNO, resides in the boundary layer following the convective event 



A greater percentage of LNO, remains in the middle and upper troposphere where thc 

LNO, was originally produced. These "backward C-shaped" average vertical 

distributions are in marked contrast to the C-shaped profiles presented in Pickering et 

11 9981 based on 2-0 cloud-resolving model simulations where a significant percentagc ., 

LNO, mass was transported to the boundary layer and relatively little LNOx mass was 

found between 1.5 and 6.5 krn after convection concluded. Our results are similar to 

those from recent 3-D cloud models with explicit electrophysics. For example, Zhang :t 

al. [2003a] found a maximum in NO, at mid-levels along with a secondary maximum -it 

anvil levels indicating that a large portion of the LNOx remains within the cloud near SIC 

levels of its production. It should also be noted that our simulations indicate a small 

percentage of mass (-1%) remains above the tropopause following convection, which 

results from overshooting transport of lightning NO, produced at lower altitudes. 

Individual modeling groups who implement these profiles may want to consider scali nji 

these profiles so that mass is not directly injected into the stratosphere because most 

convective parameterizations used in larger-scale models do not produce overshooting 

cloud tops. Implementation of the profiles should involve scaling them to calculated 

cloud top height on an individual grid cell basis. 

Assuming the density profile of the standard atmosphere, the total mass of 

lightning NO, was averaged over the EULINOX and STERAO storms. That amount I :' 

NO, distributed uniformly over a 200 km by 200 km region (typical of a global mode! 

grid cell) using the average midlatitude profile shown in Table 2 corresponds to a 

maximum increase in NO, mixing ratios of - 145 pptv between 7 and 9 km immediatri: 

following convection (-2 km higher than the maximum of the lightning NO, mass 

distribution). Because the lifetime of NOx increases with altitude, lightning NO, will : 



503 converted to reservoir species such as PAN and HN03 more rapidly in the 7-9 km la! ci. 

504 than at higher altitudes. As the time after convection increases, the maximum increast :n 

505 NO, mixing ratios due to lightning would be seen at higher altitudes, which is consisteiit 

506 with the C-shaped profile of NO, typically observed in the troposphere. Downward 

transport from the stratosphere also contributes to the upper tropospheric maximum in 

observed NOx mixing ratios, while the maximum near the surface results from emissic ., 

from surface sources such as fossil fuel combustion and soil. 

The impact of assuming the vertical distributions of lightning NO, mass presei r 

here has been calculated using NASA's Global Modeling Initiative (GMI) combined 

stratosphere-troposphere (Combo) CTM. The Combo CTM is detailed in Ziernke et a )  

[2006] and Duncan et al. [2007]. The tropospheric chemical mechanism includes 80 

species and 300 reactions to simulate 03-NOx-hydrocarbon chemistry [Bey et al. 200! i. 

Lightning is assumed to produce 5 TgN yr". Horizontal distribution of lightning NO, , , 

determined by the locations of parameterized deep convection (as indicated by the upp~i- 

tropospheric values of cloud mass flux) in the meteorological fields from the Global 

Modeling and Assimilation Office's GEOS-4 Data Assimilation System that are used I. 

drive the Combo CTM. Flash rates are scaled such that on a regional and monthly bas . 

they match those from the OTDILIS climatology (Allen et al., 2009). 

Two one-year simulations were produced by the Combo CTM. The first used tiic 

vertical profiles of lightning NOx from Pickering et al. [I9981 while the second 

simulation used the vertical profiles of lightning NO, shown in Figure 12a and b for rile 

midlatitude and subtropical regimes. Because no tropical thunderstorms were simulatL.i 

with the cloud and chemistry models, a hypothetical tropical distribution (Figure 12c i 

was constructed by extrapolating the subtropical profile to a higher tropopause regin~i 



Test runs of the GMI Combo CTM revealed that this profile performed well in regions 

dominated by marine convection, but in tropical continental areas the Pickering et al. 

[1 9981 profile yielded better results for upper tropospheric ozone compared with 

ozonesonde data. Therefore, in tropical continental regions the Pickering et al. [I9981 

profile, modified by removing the boundary layer maximum and redistributing this m:: *i 

between 4 and 1 1 km, was used. The tropical profiles are also provided in Table 2. 

Figure 13 shows the zonal mean change in NOx and O3 in January and July wlii-n 

the profiles shown in Figure 12 are used instead of the Pickering et al. [I9981 profiles. 

Because these profiles place less NO in the upper troposphere, NO, decreases above 1 (i 

krn with decreases over 100 pptv found over the southern hemisphere in January and ot #-.t. 

the northern hemisphere in July. The decrease in NOx in the upper troposphere, which 

results from using the modified vertical profiles of lightning NOx mass, also causes a 

small decrease in ozone throughout much of the troposphere. The largest decrease in 

ozone is -10 ppbv in July at 15 krn and 30°N. 

4.2. NO production 

A best-fit production scenario of Pic and PCG has been estimated by comparing 111- 

cloud aircraft observations with model output for the five storms where in-cloud aircl.:rtt 

observations were available. Figure 14 shows the production scenarios estimated for 

these five storms as well as the production scenario from Price et al. [1997], which w?, 

used in calculating the vertical profiles of LNO, mass presented in Pickering et al. [l"', " 
and has been used in many global CTMs. In all cases, PCG was estimated to be less tli i 

the 1100 moles per CG flash given in Price et al. 219971. In addition, in all cases the ~ : t f  i 

of Pic to Pcc was greater than the commonly assumed value of 0.1 presented by Price . 
al. [1997]. Over the five storms simulated, the average estimated Pcc was 500 moles \ - (  1 



per flash or 7 kg N per flash (range of 360 to 700 moles per flash or -5 to 9.8 kg N pe, 

flash). Assuming Plc/PcG ratios in the middle of the estimated uncertainty ranges for t it - 

July 29 CRYSTAL-FACE, July 12 STERAO, and July 21 EULINOX storms yields ilri 

average Plc/PcG ratio of 0.93, corresponding to 465 moles NO. The median peak curr;,<! 

(1 6.5 kA for negative flashes and 19.8 kA for positive flashes, which account for 10.(1'\) 

of the total) of the North American Lightning Detection Network (NALDN) presented i t i  

Orville et al. [2002] corresponds to a PCG value of 508 moles NO when using the Prics et 

al. [I 9971 relationship between peak current and energy dissipated, which agrees well 

with our estimate of 500 moles NO per CG flash. Therefore, the cases we have simul,i7 .xi 

appear to be representative of midlatitude and subtropical lightning. Assuming the 

average production scenario over the five storms presented, an average global IC to C ' i  i 

ratio of 3 (the same as estimated for the continental United States by Boccippio et al.. 

2001) , and a global flash rate of 44 flashes s-' [Christian et al., 20031 yields a global 

lightning NO source of 8.6 Tg N yr-'. 

Estimates of the global lightning NO source have ranged from 2-20 Tg N yr-' 

[IPCC, 20011. This range has been narrowed in recent years. IPCC [2007] recommen~ls 

a 1.1-6.4 Tg N yr'l range, though a more comprehensive review has specified the rang: to 

be 2-8 Tg N yr-' [Schumann and Huntrieser, 20071. This review considered all of the 

methods of estimating LNO, production: global model estimates constrained by varicri:- 

observations, cloud-resolved modeling studies, aircraft measurements, laboratory 

experiments, and theoretical estimates. Our estimate of 8.6 Tg N yr'l lies near the uppg 

end of the recently established range of global estimates. It is unlikely that our estimat. 

is larger than values in this range due to the global extrapolation. Because of satellite 

observations of total lightning activity from instruments such as the Optical Transient 



Detector (OTD; see Christian et al., 2003), uncertainty in the global flashrate has beeit 

greatly reduced. Perhaps more likely it is due to the fact that our average production 

scenario was calculated using data from only midlatitude continental and subtropical 

storms. No tropical thunderstorms were simulated in this analysis. Because 78% of 

lightning flashes occur between 30"s and 30°N [Christian et al., 20031, further 

investigation of the properties of tropical lightning flashes and their production of N( i i.., 

needed. Based on analysis of data from the TROCCINOX experiment in Brazil, 

Huntrieser et al. [2008] suggest that tropical flashes (shorter, possibly due to low verti, '11 

wind shear) produce less LNO, than subtropical or midlatitude flashes (longer, possil?lx 

due to greater wind shear). If this hypothesis holds true throughout the tropics, inclu\rtln 

of tropical events into our average production scenario will decrease this average va1i.t:. 

Tropical event simulations are currently underway. 

Several modeling studies have assumed a production scenario similar to the 1 1 1 , ~ ~ ~ : ~  

scenario presented here where both IC and CG flashes produce on average approxim,ii~*y 

500 moles NO per flash. Hudman et al. [2007] simulated NO, over the United States 

during the ICARTT campaign using the GEOS-Chem CTM and found that assuminh ~1 

production per flash of 500 moles NO instead of the default GEOS-Chem value of 12 " 
moles NO improved the comparison with upper tropospheric aircraft observations. 

Cooper et al. [2006] simulated LNO, production and transport over North America 

during the same period using the FLEXPART model and assumed IC and CG flashes 

produce 460 moles NO (based on the DeCaria et al. [2005] results for the July 12 

STERAO storm) and a 2-day lifetime for upper tropospheric NO,. Resulting ozone 

enhancements were estimated with a box model. The results showed a good agreemc:l, 

between simulated NO, and DC-8 aircraft observations and between simulated ozonc 



enhancements and observations from commercial aircraft and ozonesondes. Jourdaiii : 

al. [2009] found that assuming a production per flash of 520 moles NO (rather than 2C { J  

moles NO) in GEOS-Chem simulations of ozone over the United States substantially 

reduced the model's bias relative to TES observations. Choi et al. [2008] compared 

results from a regional CTM with tropospheric NO;! columns from OM1 and tropospherqc 

O3 columns derived from a combination of OM1 and MLS data and found that the mo .Il 1, 

assuming IC and CG flashes produce 500 moles NO, was able to reasonably reproduc* 

the spatial distribution of the satellite observations. 

4.3 NO2 in the vicinity of electrified storms 

NO2 profiles appropriate for regions dominated by NO, from lightning are usef~rl 

for improving satellite retrievals of NO2 column amounts in such environments. The *if:- 

mass factor used in converting satellite-measured slant columns to vertical columns I) f 

NO2 is highly dependent on the NO2 profile shape. NO2 profiles from the version of I c 

CSCTM that includes chemical production and loss have been used to examine the 

structure of this species in the CRYSTAL-FACE, STERAO, and EULINOX storms. 

Mean vertical profiles of NO2 after convection are shown in Figure 15. The 

profiles were calculated over a 40 by 40 km area positioned in the convective core reiricin 

of the model domain. The July 29 profile shows extremely elevated NO2 mixing rati*. . 
exceeding 2 ppbv from 5 to 7.5 Ism, while the July 16 profile maximizes at only 0.7 pi*!?' 

at 9.5 Ism. The disparity in profiles is due to the large difference in flash rates in the *. ( 1  

storms with over 4000 CG flashes recorded by the NLDN in the July 29 storm, and c ~ i ,  

301 CG flashes recorded in the July 16 storm. Of the midlatitude storms, the vertical 

profile of NO2 from the EULINOX storm (with both high flash rate and pollution intJ8):~) 



is much larger than in either of the STERAO storms with a maximum of nearly 3 ppb\ i t  

5.5 km. 

In addition to NO2 profiles, we have also used these simulations to estimate 

partial columns of NO2 that a satellite may be able to observe in the upper portion of i. 

convective cloud. Vasilkov et al. [2008] compared cloud-top pressures retrieved in ti:. 

UV wavelengths by the Ozone Monitoring Instrument (OMI) aboard the Aura satelliti. 

with those retrieved by IR measurements from MODIS aboard Aqua. A comparison o: 

both cloud-top pressure products with CloudSat radar observations indicate that OM1 

may be able to measure NO:! as far down as 400 to 600 mb in the presence of deep 

convective clouds. Partial NO2 columns were calculated for our storms of interest bq 

averaging 2-km model output over 13 krn by 24 krn areas equivalent to OMI's nadir 

footprint and integrating the column from 400 mb to the tropopause. The results are 

shown in Figure 16. The July 29 CRYSTAL-FACE and July 21 EULINOX storms silt I 

the greatest degree of enhancement, which is consistent with the NO2 profiles shown 11 

Figure 15. In the July 29 CRYSTAL-FACE storm, the region of highly elevated NO: 

columns extends over 100 krn. Table 3 shows the sensitivity of the peak and backgrtll t l l . l  

NO:! columns to the choice of column depth. The peak values indicate the maximum 

partial NOz column amounts over an OM1 grid box area (1 3 km by 24 km) in the stor 1 ~ 1  

anvil or core regions, while the background values indicate the mean partial NOz coliu,ln 

amounts outside of the storm region. These data should be useful in providing a rang: of 

values of tropospheric column NO2 that may be compared to retrievals over convecti~ r. 

clouds from such instruments as OMI. 

5. Conclusions 



Simulations of six midlatitude and subtropical thunderstorms occurring during 

four field projects have been conducted using the CSCTM, which includes a 

parameterized source of LNO,. In order to estimate LNO, production per flash in eacl? 

storm, different scenarios of PIC and P C ~  were specified in the model, and the results 

compared with in-cloud aircraft observations of NOx. By comparing column mass a11cl 

probability distribution functions of the observed and simulated storms, the most 

appropriate production scenario was estimated for each storm. The results suggest t h ~ :  

PIC may be nearly the same as Pee. A frequent assumption that PIC is equal to one tell. I 

Pcc resulted in a significant underestimation of LNOx in all five simulations where a1i.i i ;  

observations were available. We echo the recommendation of Ridley et al. [2005] for i1sc 

of comparable values of PCG and PIC. The Ridley et al. [2005] recommendation was 

partly based on one of the cases presented here. Our similar results for four additional 

cases strengthen this recommendation. The mean PCG obtained from the five case 

simulations is 500 moles NO per flash (range 360 to 700), which, when extrapolated 

globally, yields an estimate at the high end of the currently accepted range. This ma: 

result from the absence of tropical flashes in this analysis. 

Vertical profiles of the percentage of LNOx mass in each 1-krn layer after the 

convection show very little LNO, mass near the surface with the majority of LNOx 

remaining in the mid- and upper troposphere in a "backward C-shaped" profile. Glol:. I 

and regional CTMs that have adopted C-shaped vertical profiles of LNOx mass may hc. 

underestimating the amount of LNOx in the mid- troposphere and overestimating the 

amount near the surface. Global models which are changed to represent equivalent pci 

flash production by IC and CG lightning may require a change of the global LNO, sotti ce 

strength to reasonably reproduce NOx observations in the middle and upper tropospht ' 



669 Changes in the vertical placement of LNO, in CTMs may significantly alter distributii :: - 

670 of species such as 0 3  and OH. 
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93'7 Table 1. Calculated column mass of N in NO, in the July 29 CRYSTAL-FACE stoi.ln. 
938 assuming an ICICG ratio of 5 
939 

PCG (moles NO 
per flash) 
590 
590 
590 
5 90 
590 

940 

Prc/PcG 
(IC/CG = 5) 
0.1 
0.5 
0.6 
0.75 
1 .0 

PICIPCG 
(ICICG = 2) 
0.25 
1.3 
1.5 
1.9 
2.5 

Column Mass 
(g N mT2) 
2.3 x 
6.0 x loa4 
6.9 x lom4 
8.3 x 
1.0 x 10-j 



940 Table 2. Average Profiles of LNO, Mass in Percent 
94 1 

Altitude 
Range, Tropical Tropical 
km Subtropical Midlatitude Continental Marine 
0- 1 1 .O 2.4 0.2 0.6 
1-2 2.1 5 0.5 1.5 
2-3 3.9 7.4 0.6 2.9 
3 -4 5.8 9.3 1.4 4.3 
4-5 7.7 10.6 2.7 5.4 
5-6 9.3 11.4 4 6.7 
6-7 10.5 11.5 5 7.7 
7-8 11.0 11 6.2 8.5 
8-9 11.0 9.9 8.6 9.6 

9-10 10.4 8.3 10.3 10.2 
10-1 1 9.2 6.3 11.6 10.5 
11-12 7.5 4.2 12.4 10.2 
12-13 5.5 2.2 12.7 8.2 
13-14 3.4 0.5 12.4 6.5 
14-15 1.5 0 7.6 4.5 
15-16 0.2 0 3 .O 2.2 



Table 3. Partial NO2 columns ( 1 0 ' ~  molecules cmP2) from the tropopause to 400, 501. ,i:l,i 
600 mb 

Tropopause to 400 mb Tropopause to 500 mb Tropopause to 600 nlh 
Storm Peak Background Peak Background Peak Backgrount 
July 16 CRY 33 1 4 8 1 5 4 2 
July 29 CRY 104 3 159 3 223 4 
July 10 STE 13 1 2 1 I 40 1 
July 12 STE 2 1 4 24 5 24 5 
July 2 1 EUL 90 14 140 16 192 17 



1-7100 18:00 19:OO 20:OO 21:00 22:00 21. 
Time (UTC) 

956 
957 
958 Figure I .  Time series of CG flash rates detected by the NLDN from 1700 to 2300 U 1 : 
959 (1300 and 1900 LT) for the July 29 CRYSTAL-FACE storm. 
960 
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963 Figure 2. Pdfs of simulated and observed NOx at 12.5 krn (a) and 13 km (b) for the .l . 
964 29 CRYSTAL-FACE storm. Solid (dashed) line shows observed values assuming clc.11 
965 sky (cloud enhanced) photolysis rates. Dashed (dot-dashed) line shows simulated va1iv.t; 
966 assuming PIC/PCG of 0.5 (0.6). 
967 
968 
969 
970 
97 1 
972 
973 
974 
975 
976 
977 
978 
979 
980 
98 1 
982 
983 
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Figure 3. Relationship between PCG and the Prc/PcG ratio necessary to match the coluii-. i 
mass of N computed from aircraft observations. Solid (dashed) line shows the 
relationship when an IC/CG ratio of 2 (5) is assumed. Plus signs indicate the product 1 i . 0 :  

scenarios when Pcc is assumed to be 590 moles NO per flash based on observed mea:; 
peak current. 



Figure 4. Vertical cross-section of simulated NO, in the July 29 CRYSTAL-F 
(assuming Pcc = 590 moles NO, PIC = 354 moles NO, and an IC/CG ratio of 5 
minutes. 

ACE \ i i  i 
) at 2411 



%/km of Total Lightning N Mass 

998 Figure 5 .  Vertical distributions of the percentage of LNO, mass per kilometer injectr!! 
999 into the cloud and following convection for the July 29 CRYSTAL-FACE storm 

1000 (assuming PCG = 590 moles NO, Pic = 354 moles NO, and an IC/CG ratio of 5). 
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July 16 NLDN Flashes 
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1003 
1004 
1005 Figure 6. Tirne series of CG flash rates detected by the NLDN from 1900 to 2300 U i 4 
1006 (1 500 to 1900 LT) for the July 16 CRYSTAL-FACE storm. 
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101 1 Figure 7. Vertical cross-section of simulated NOx through the core of the July 16 
1012 CRYSTAL-FACE storm assuming PcG = 700 moles NO and Prc = 630 moles NO at ! t.0 
10 13 minutes. 
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10 16 Figure 8. Vertical distributions of percentage of LNO, mass per kilometer following 
10 17 convection for two simulated subtropical storms. 
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a)  July 16 b) July 29 
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Figure 9. Vertical distributions of the percentage of LNO, mass per kilometer follow ill; 
convection for (a) the July 16 and (b) the July 29 CRYSTAL-FACE simulations 
assuming IC to CG ratios of 2 and 5. 



N O  (ppbv)  180 m i n u t e s  y = 68 k m  

1026 Dis tance  (km) 
1027 
1028 Figure 10. Vertical cross-section of simulated NO, through the core of the southern cei: 
1029 of the July 10 STERAO storm assuming PcG=390 moles NO and P1c=234 moles NO cii 

1030 180 minutes. 
103 1 
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1032 
1033 
1034 Figure 1 1. Vertical distributions of percentage of LNO, mass per kilometer following 
1035 convection for four simulated midlatitude continental storms. 
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Figure 12. Average vertical distribution of percentage of LNO, mass per kilometer 
following convection (solid) for the (a) subtropical and (b) midlatitude continental 
regimes. Dashed line shows polynomial fit. Midlatitude continental profile from 
Pickering et al. [I 9981 (dash-dot) is also shown in (b). Hypothetical tropical marine 
profile (c) is based on extrapolating the subtropical average profile to a higher tropopausr 
regime while the tropical continental profile was constructed using the Pickering et al. 
[I9981 profile with the boundary layer maximum removed and that mass redistributed 
into layers from 4 to 1 1 km. 
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1053 Figure 1 3. Zonal mean change in NOx (pptv) and O3 (ppbv) in January and July resulr i iig 
1054 from using the lightning NO, profiles in Figure 11 instead of the profiles from Pickeriltg 
1055 et al. [1998]. 



1 S - STERAO 
C - CRYSTAL-FACE 
E - EULlNOX 

Figure 14. Estimated lightning NO, production scenarios for the July 16 CRYSTAL- 
FACE (C, 7/16), July 29 CRYSTAL-FACE (C, 7/29), July 10 STERAO (S, 7/10), JtlI? 
12 STERAO (S, 7/12), and July 2 1 EULINOX (E, 7/21) storms. The bars in the 7/20 
CRY STAL-FACE, 7/12 STERAO, and 7/2 1 EULINOX storms indicate the estimate 
uncertainty. The Price et al., [I9971 and Fehr et al. [2004] production scenarios are 
indicated by asterisks, as is the estimated value of Pcc calculated assuming the NALI>h 
median peak current from Orville et al. [2002]. 



Figure 15. Average vertical profiles of NO2 mixing ratio in the convective core regio:> 
following simulated subtropical storms (a) and midlatitude storms (b). 
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1072 
1073 Figure 16. Partial NO2 columns (10" molecules cm") from the tropopause to 400 lil'ii 
1074 for CRYSTAL-FACE, STERAO, and EULINOX simulated thunderstorms. 
1075 


