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Abstract. A new parameterization of the lightning-produced 1 Introduction
NOx has been developed for cloud-resolving models. This
parameterization is based on the unique characteristics dfightning flashes are considered to be a major source for
identifying which convective cells are capable of produc- nitrogen oxides (N@=NO+NQy) in the upper troposphere.
ing lightning based on a vertical velocity threshold and es-However, large uncertainties remain for their production rate
timating the lightning flash rate in each convective cell from both at the local and global scales. A recent review of the
the non-precipitation and precipitation ice mass flux product.global lightning-produced NO(LNOx) source $chumann
Further, the source location is filamentary instead of volu-and Huntrieser2007) states that a typical storm produces 2—
metric as in most previous parameterizations. 40x 107° NO molecules per flash. In their reviechumann
and Huntriesen2007) suggest that the global production
This parameterization has been tested on the 10 Julgstimate from observations and chemistry-transport models
1996 Stratospheric-Tropospheric Experiment: Radiation,(CTM) is likely 2-8 Tg(N) yr L.
Aerosols and Ozone (STERAO) storm. Comparisons of Results of cloud-resolving models (CRM) can be used to
the simulated flash rate and NO mixing ratio (control derive the production rate of NO per flash, the relative contri-
experiment) with observations at different locations andpution of intra-cloud and cloud-to-ground flash&eCaria
stages of the storm show good agreement. An indi-et al, 2005 Ott et al, 2007), the vertical profile of LNQ
vidual flash produces on average ¥2i moles of NO  (Pickering et al. 1998 DeCaria et al.2005, and the geo-
(7.3+2.5x 10 molecules NO) for the simulated high cloud graphical flash rate for use in CTMs. Two approaches for
base, high shear storm that is dominated by intra-cloud flaskjiagnosing LNQ production in CRMs can be distinguished.
activity. Sensitivity tests have been performed to study therirst, the LNQ production can be deduced from an explicit
impact of the flash rate, the cloud-to-ground flash ratio, theelectrical schemezhang et al.2003 Barthe et al. 2007
flash length, the spatial distribution of the NO molecules, andin which the lightning flash path is explicitly computed. This
the production rate per flash on the NO concentration and disapproach allows distributing the NO at the exact location
tribution. Results show a strong impact from the flash rate,of the simulated flash path, but complete explicit electrical
the spatial placement of the lightning-N@ource and the  schemes (cloud electrification and electric charge neutraliza-
number of moles produced per flash. On the other handiion by lightning discharges) are only available in a few mod-
the simulations show almost no impact from the different e|s Helsdon et al.1992 Mansell et al. 2002 Barthe et al.
cloud-to-ground € G) ratios and the lightning-N©produc-  2005. Second, a parameterization of the LjN@roduction
tion rates peCG flash used as input to the model. can be used. In the last decade, several k|§@rameteriza-
tions have been developed for CRMs. One of the first param-
eterizations was developed Byckering et al(1998 using
the Goddard Cumulus Ensemble cloud model with further
improvements bypeCaria et al(200Q 2005 andOtt et al.
(2007). Other parameterizations have been implemented in
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LNOy production (flash rate, spatial distribution of the NO eraged flash length either for the storm or for segments of the
molecules, amount of NO produced per flash), different pa-storm. For exampleDtt et al.(2007) used the average hourly
rameterizations are available. length per flash calculated for the 21 July European Light-
A flash discharge can either reach the ground (cloud-to-hing Nitrogen Oxides Project (EULINOX) storm as given by
ground discharge o€G) or not (intra-cloud discharge or Théry et al.(2000 (21.5, 27.9 and 31.4 km). For the 10 July
I1C). As these two types of discharges have different be-1996 STERAO stormDefer et al (2003 reported an average
havior, they should be considered separately. The total flasfiash length of 19 km but with the flash length values ranging
rate can be determined from an empirically derived formulafrom 0.02 to 474 km.
based on the maximum vertical velocitiPrice and Rind The last step of a LNQ parameterization is prescrib-
1992, which has been used Wickering et al(1998 and ing the magnitude of NO produced by lightning flashes.
Fehr et al.(2004. In the disk model oWang and Prinn  Pickering et al.(1998 adopted thePrice et al. (1997
(2000, the flash rate is derived from the collision rate be- values (6.%&10?® molecules NO per CG=1113 moles NO
tween ice crystals and graupel. Another option is to use theper CG and 6.% 10?° molecules per IC=111 moles NO per
observed total flash rate when it is available as donBéy IC) assuming that a cloud-to-ground flash produces ten
Caria et al.(200Q 2005 andOtt et al.(2007). The advan- times more NO molecules than an intra-cloud flastlang
tage of using observations is that they can be used to identifland Prinn (2000 tested both thePrice et al.(1997) val-
whether the flash is cloud-to-ground or intra-clolCaria  ues and theéFranzblau and Popfl989 values (3.610?7
etal, 200Q 2005 Ott et al, 2007). However, observations of molecules of NO per CG=4982 moles NO p€G and
total lightning for a particular storm are difficult to obtain be- 3.0x 10?6 molecules of NO per 1C=498 moles NO per IC).
cause ground-based networks (NLDN in the U.S., Meteorag& he Franzblau and Pop(l989 values produced very high
and BLIDS in Europe) typically record G flashes primar- modeled NO mixing ratios in th&/ang and Prinn(2000
ily. In other studies, th€ G flash rate is derived either from study and has since been noted to be an abnormally high
the depth of the layer from the freezing level to the cloud NO production rate$alzmann et a/2008. DeCaria et al.
top height Price and Rind1992 Pickering et al.1998 Fehr (2005 used the method d®rice et al.(1997) to deduce the
et al, 2009 or deduced from global observatiodgng and  production rate pe€ G in the 12 July 1996 STERAO storm.
Prinn, 2000. To deduce the production rate per IC, they performed several
The spatial distribution of the NO molecules in the cloud simulations with different ratios between the production rate
is of primary importance as it will influence how and where perIC and the production rate per CG. They concluded that
the NO is transported and reacts chemically. The verticaltaking a production rate of NO péIC that is 75 to 100% of
distribution of the NO molecules in the models is either uni- the production rate of NO p&'G best matches with observa-
form (Pickering et al. 1998 Fehr et al. 2004 or follows a  tions. Using the same metha@it et al.(2007) deduced that
bimodal and Gaussian distribution féC andCG flashes, a production rate of 360 moles of NO pk€ andCG com-
respectively DeCaria et al.200Q 2005 Ott et al, 2007). pares favorably with observations for the 21 July 1998 EU-
If the vertical distribution is uniform, the NO produced by LINOX storm. For this same storm, Fehr et al. (2004) con-
cloud-to-ground discharges is distributed below tht5°C cluded that the flash production rates suggested by Price et
isotherm and above the15°C isotherm when produced by al. (1997) are not supported by the analysis. They estimated
intra-cloud flashes. The way the LN@s horizontally dis- the CG and IC production rates to be 2110°° molecules
tributed also differs from one parameterization to another.NO (349 moles NO) and 2:010?® molecules NO (482 moles
The simplest way consists of distributing the NO moleculesNO), respectively. The recent resultsiéCaria et al(200Q
horizontally in the whole cloud or within the 20 dBZ contour 2005, Fehr et al.(2004 andOtt et al.(2007) are in agree-
(Pickering et al. 1998 DeCaria et al.200Q 2005. Fehr  ment withRidley et al.(2005 who suggested that CG and
et al. (2004) chose randomly one column in the cloud with I C flash may produce approximately the same amount of NO
mixing ratio higher than a threshold where NO would be de-per flash. Drawing a general conclusion from these previous
posited. The most sophisticated horizontal distribution is thestudies is further complicated because of the use of differ-
one ofOtt et al.(2007) who attempted to mimic the tortuous ent models in which other model parameters can affect the
aspect of the lightning channel. In their model, the numberresults and by simulations of different storms. Sensitivities
of points where the NO is deposited vertically follows the bi- of the results to individual parts of the LNarameteriza-
modal distribution, and the points where the NO moleculestion is best accomplished within the same model framework,
are distributed is chosen randomly among possible points lowhile variations among models can be assessed via intercom-
cated in a predetermined area downwind of the convectiveparison studies.
core. With this approach, the NO is no longer instantly di- Barth et al.(2007h reported the results of an intercom-
luted in a large volume of the cloud, but it is distributed in a parison exercise partly dedicated to the production of NO
region where lightning flashes are expected to propagate. by lightning flashes. The storm of 10 July 1996 during the
The lightning flash length contributes to the amount of NO STERAO campaign was simulated by eight different mod-
produced from lightning. Previous studies have used an avels. Two of the models used an explicit electrical scheme
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(Helsdon et al.1992 Barthe et al.2005 coupled to a NO When several convective cells are present, they may not
production by lightning flashebang et al. 2003 Barthe  all produce lightning flashes despite having radar reflectiv-
et al, 20078. Four other models used the parameterizationsity greater than 20 dBZ or cloud top colder thad5°C. An
of Pickering et al(1999, DeCaria et al(2005 andWang  algorithm has been developed to detect potentially electrified
and Prinn(2000, while the remaining two models did not in- cells. In order for lightning flashes to occur, the updraft speed
clude a lightning production of NO parameterization. For themust exceed 15nT$ which is based on the 10-12m's
same storm, estimated values of the NO production by lightthreshold estimated b¥ipser and Lutz(1994) for tropical
ning flashes range from 36 moles¥lto 465 moles ft for convection observed over both ocean and land in Australia
intra-cloud discharges, and 36 molesifto 1113 moles ft1 and compared to electrified midlatitude continental convec-
for cloud-to-ground discharges. The models that predictedion observed over the central U.S.
the lower LNQ, production rates are the ones using explicit Unique to this parameterization is the prediction of light-
electrical schemes, which placed the lightning-produced NOning flash rate based on the fluxes of non-precipitating and
source in a small volume along the simulated lightning flashprecipitating ice. Through theoretical and observational
(filamentary) and reproduced the observed peaks and fluinvestigations,Blyth et al. (2001), Deierling (200§ and
quite well for this storm. Since the other models distribute Latham et al(2007) have shown a strong correlation between
the NO in a large volume, these results tend to suggest thahe total flash rate and the precipitation and non-precipitation
the position of the flash and its spatial distribution (verti- ice mass flux product which is called the flux hypothesis.
cal and horizontal) is fundamental in modeling LN& the  Barthe et al(20073 (hereinafter referred to as BDB07) show
cloud scale. that simulated ice mass flux product for the entire storm
Despite some studies that investigated the impact of thés quite similar to the ice mass flux product derived from
relative contribution of intra-cloud and cloud-to-ground dis- radar observations. In this study, the parameterization is im-
charges to the LNQproduction DeCaria et a].200Q 2005 proved by calculating the non-precipitation and precipitation
Ott et al, 2007, few have been made to understand the rela-ice mass flux product for each individual convective cell and
tive impact of different choices for the different steps of the is associated to a total flash rate per cell. Thus, the initial
LNOy parameterizations. The objectives of this paper are toequation of BDBO7 has been slightly modified to take into
introduce a new LNQ parameterization and to evaluate the account the computation of the total flash rate per individual
sensitivity of the LNQ parameterization to lightning param- cell.
eters (flash rate, flash length, spatial distribution of the NO _ _15
molecules, presence of short duration flashes) through a seIfMF = 1132075 fup > fp (1)
ries of sensitivity studies. A new parameterization for the where Fy; ¢ is the total flash rate (fl. mint) computed from
LNOy production is presented in Segt. The model frame-  the precipitation and non-precipitation ice mass fluxgs,
work and configuration and the studied storm are describedkg m s 1) and fap (kg s1), respectively. The 1.1:310°1°
in Sect.3. In Sect4, the reference simulation is studied, and coefficient has been determined from comparisons between
the sensitivity tests are presented in SBct. model results and lightning and radar data. BDBO7 used
this coefficient for calculating the flash rate of two STERAO
storms. For both storms the calculated flash rate agreed well
2 Description of the lightning-produced NOy parame-  with the observed lightning flash rates.
terization The flash triggering and propagation is basedhet al.
(2007. Flashes can be triggered in the region downwind
The goal of this new parameterization is to predict the tem-of the maximum vertical velocityRroctor 1981 Christian
poral and spatial distribution of individual lightning flashes et al, 1999 Ushio et al, 2003 Ott et al, 2007). This region
without using a computationally explicit electrical scheme. is defined by the convective core and by the region extending
Except for the explicit electrical scheméhg@ng et al.2003 10km downwind of the maximum vertical velocity¢iq)
Barthe et al.2007H, LNOy parameterizations distribute the (Fig.1). The downwind direction is assumed to be the mean
NO molecules either where the radar reflectivity exceedswind direction at the altitude where both non-precipitation
20dBZ or within cloudy regions where the temperature isand precipitation ice particles are encountered. The center of
colder than—15°C (Pickering et al. 1998 DeCaria et al.  the region where an individual flash can propagate is chosen
2000. A first approach has been made ®yt et al.(2007) randomly among all the points of the cylinder that are in the
to simulate the filamentary aspect of a lightning flash. Theglaciated part of the cloud. Another cylind€p,op where a
parameterization presented here builds on this approach blghtning flash can propagate (radius 4 km but could depend
estimating the lightning activity in each individual convec- on the flash length) is centered on the randomly chosen point.
tive cell rather than the entire storm. This LN@arameteri-  The radius of the cylinder is based @it et al.(2007) who
zation is then intermediate between the explicit treatment ofound a 5 km horizontal extent from analysis of the EULI-
the lightning and the more global approach of previous pa-NOX interferometer data. The points of the cylinder where
rameterizations. the discharge can propagate are restricted to the region of the

www.atmos-chem-phys.net/8/4691/2008/ Atmos. Chem. Phys., 8, 489202008



4694 C. Barthe and M. C. Barth: LN(parameterization and uncertainties for CRM

N O i B B H L distribution and length in order to avoid the instantaneous
- loud contour . w(msT) dilution of the NO in the storm. This is important for the

T oo - . I redistribution of the chemical species and for the comparison
§ [ Cu ] 25 between model results and observations.
st 1 20
s - ] 15
% - N 10 3 Experimental and model design
§ 20 |- 5

The lightning-produced N parameterization described
above has been placed in the Weather Research and Forecast-

\mr

O T T T e ing (WRF) model. Simulations of the 10 July 1996 STERAO
Horizontal distance (km) storm have been conducted to evaluate and assess its sensi-
tivities.

Fig. 1. Horizontal cross section at 9.5km m.s.|. during the super-3.1  The WRF model

cell stage {(=2h30) of the vertical velocity (nTs; colored area).

The black rectangle, the black cross and the red circle represent thehe WRF model solves the conservative (flux-form), non-

region where a flash can be initiateCyg), the triggering pointof  hyqrostatic compressible equations using a split-explicit

an individual flash and the horizontal area over which the flash Caqime-integration method based on a 3rd order Runge-Kutta

extend Cprop), respectively. The cloud contour (purple line) and cheme $kamarock et al.2005 Wicker and Skamarock

the 20 dBZ contour (orange line) are also represented. The clou 002. Scalar t i - ¢ ted with the R _Kutt

contour is defined as the total hydrometeor mixing ratio higher than 2. Ca.ar ransport Is in egra ed wi € Runge-ru a

1x10 5 kgkg L. scheme'usmg 5th order (horlzontal) and 3rd order (verti-
cal) upwind-biased advection operators. Transported scalars
include water vapor, the different hydrometeor categories

cloud where ice particles can be found since the hydrometeand the chemical species. The cloud microphysics is de-

ors that carry most of the electric charges are the ice particlescribed by the single moment (bulk water) approakim (

(Barthe and Pinty20073. et al, 1983. Mass mixing ratios of cloud water, rain, ice,
The vertical distribution of the flash channel follows a bi- snow, and graupel/hail are predicted. Cloud water and ice
modal distribution DeCaria et aJ.200Q 2005 Ott et al,  are monodispersed and rain, snow, and hail have prescribed

2007 peaking at —58C and —18C. This kind of structure inverse exponential size distributions. For the graupel/hail

is the most commonly observe8ifao and Krehbigll996 category, the intercept parameter of the exponential distri-

Krehbiel et al, 200Q Rison et al.1999 Thomas et a).2001; bution is 4x10*m~* and the density is 917 kg™ which

Wiens et al. 2005 Bruning et al, 2007) and simulated by  corresponds to characteristics of hail particles.

explicit electrical schemedansell et al. 2002 Barthe and The model includes both gas and agueous phase chemistry

Pinty, 20078. For each altitude level, the grid points reached representing @NOy-CH,4 chemistry Barth et al, 20073.

by the lightning channel are chosen randomly among the posThe NQ, chemistry includes NO reaction withsONO and

sible points in the cylindeCprop to mimic the filamentary Oz formation from NQ photolysis, NQ reaction with OH to

and tortuous aspect of a lightning flasbt{ et al, 2007). form nitric acid (HNG), and HNQ photolysis and OH oxi-

The flash length of the lightning flash is prescribed either todation to produce N@and NO. Because NO and N®ave

be constant or to have a lognormal distributi@efer etal,  very low solubilities, their mixing ratios are not affected

2003 Pinty and Barthe2008. by the presence of liquid or ice hydrometeors. However,

The amount of NO produced per flash is assumed to deHNO3 and other highly soluble species are readily scavenged

pend on the flash length and on the altitude based on a labdy both liquid (via diffusion-limited mass transfer calcula-

ratory study (Wang et al. 1998: tion) and ice (via the Langmuir equilibrium model approach,

nno(P) = a+ bP @) Tgbazadeh et al_1999 Popp_et al.2004 hydrometeors. De-
tails of the algorithms are given Barth et al.(2001, 20073.

with nno the number of NO molecules produced per |n addition to the chemically active species, a tracer of

flash length (moleculesm), P the pressure (Pa). NO from lightning (LNQ,) is included in WRF. The LNQ

Wang et al.(1999 set the coefficients t@=0.34x10"*  {racer corresponds to the NO mixing ratio produced by light-

and b=1.30x10%. However, a wide range (1- ning flashes. The LNQtracer is transported only and does

13x10?* molecules NO m? of flash) has been determined not undergo any chemical reactions.

from observations, laboratory experiments or modeling

studies Holler et al, 1999 Stith et al, 1999 Huntrieser

et al, 2002 Skamarock et al2003 Ott et al, 2007).

The aim of this new parameterization is to reproduce the
global morphology of a lightning flash in terms of spatial

Atmos. Chem. Phys., 8, 4694#1Q 2008 www.atmos-chem-phys.net/8/4691/2008/



C. Barthe and M. C. Barth: LNparameterization and uncertainties for CRM 4695

3.2 The 10 July 1996 STERAO storm

215
The LNO, production in the 10 July 1996 STERAO storm 180
has been widely studie&{ith et al, 1999 Skamarock et al.
2003 Barthe et al.2007h Barth et al, 2007ab). Differ-
ent parameterizations and different models have been use

to simulate this storm leading to a wide range of values for s " 15 [

the production rate estimate. Large differences are found ~ ° (5 & 0 0 % N, NO,, LNOX (ool mal”y
in LNOy estimates that range from 36 moles per flash to

465 moles pet C flash Barth et al, 20078. Thus, it is in-

teresting to investigate the origin of such discrepancies andgkig. 2. Initial (a) and final(b) NO (red line) and NQ (blue line)

to evaluate the uncertainties associated with each step of theertical profiles. The LN@ tracer (black line at the final time of
LNOy parameterization. The 10 July 1996 storm has alsor=180 min) corresponds to the NO molecules produced by lightning
been chosen because there is a unique set of data for thflashes that are transported but do not chemically react. In (b), the
storm: storm structure and kinematics from radar data, light-Mixing ratios are averaged over the model domain.

ning flash characteristics and in-situ chemical species mea-

surements from two aircrafDye et al, 2000.

During the STERAO-A experiment the ONERA VHF in- craft data Gkamarock et al2000. The convection was initi-
terferometeric mapper (ITF) measured the total (|C+CG)ated with thr(_ee warm ({C pertt_eration) bubbles oriented in
lightning activity while the National Lightning Detection & NW to SE line. WRF is configured to a 15060x 20 k|
Network (NLDN) documented th€ G activity (Dye et al, domain Wlth.161 grid points in eagh horlzor!tal d!rect!on
2000. NLDN provided locations of the ground connections (1 km resolution) and 51 grid points in the vertical direction
from the measurements of the electric and magnetic field dudVith & variable resolution beginning at 50m at the surface
to the high current of return stroke€§mmins et al.1998. an_d stretchlng to 1200 m at the_top of the domain. The simu-
ITF was designed to detect and locate VHF radiation emittedtion was integrated at a 10's time step. To keep the convec-
during both/C and CG flashes Defer et al, 2003). VHF tion near the center of the model domain, the grid |s.moved
radiation is recorded during stepped leaders, dart leaderét 1.5ms* eastward and 5.5nm$ southward. The simu-
recoil streamers and return strokes of negative ClBfer lation was integrated for a 3-h period. While the obsgrved
etal, 2001). Comparison between optical radiation detectedStorm lasted from 21:30 to 03:00 UTC, only the multicell
by NASA Optical Transcient Detector (OTD) and VHF ra- and supercell stages_ are S|mulated._ These stages correspond
diaton recorded by ITF for one passage over the STERAQ{0 23:15-02:15UTC in the observations.

A domain (9 July 1996) showed consistent observations be- Initial mixing ratios of the chemical species are the same
tween OTD and ITFDefer et al, 2006, suggesting that a as those irBarth et al.(20073. Of interest to this study are
flash sensed by OTD corresponds to a flash sensed by ITRNO, NO; and G mixing ratios. NO and N@initial mix-
However,Boccippio et al.(2002 estimated the flash detec- ing ratios are relatively high near the surface, low in the
tion efficiencies to be 93% (nighttime) and 73% (local noon) Mid-troposphere, and moderately high in the UTLS region
for LIS and 56% (nighttime) and 44% (local noon) for OTD. (Fig. 2). Os mixing ratios are 60 ppbv near the surface and
Thus, extrapolations of the results reported here must be don@re fairly constant with height to 12km m.s.I. where mixing
cautiously as the detection of flashes by satellite instrument$atios increase into the stratosphere. Because of the short in-
is less than that by the ITF system. Further, the 10 July 199@egration time and small domain, there is very little effect of
STERAO storm is likely not a typical thunderstorm whose lightning-produced NO on §mixing ratios in these simula-
flash, physical structure, and dynamics characteristics aréons. The initiation process is the same in all the simulations.
necessarily meaningful for extrapolation of LN@roduc- The details of the control experiment (REF) are summa-
tion to the global scale. rized in Tablel. The total flash rate is computed from the
non-precipitation and precipitation ice mass flux product.
The cloud-to-ground flash rate is considered null throughout

Altitude (km msl)
&

o
3

Kititude (km msl)

4 Control experiment the simulation since very feW G flashes were observed in
this storm (83CG flashes of both polarities and 5428 total
4.1 Initialization flashes between 21:52 and 03:00 UTC). The lower and upper

modes of the bimodal distribution correspond to thE5°C
The simulation performed is similar to those described byand the—50°C isotherms, respectively. The flash length of
Skamarock et a[200Q 2003 andBarth et al (2001, 20073. an individual storm is assumed to be lognormal in the range
The environment was assumed to be homogeneous, thus fto 400 km Defer et al, 2003. As in the observationde-
single profile was used for initialization. The initial profiles fer et al, 2001, 2003, the percentage of the short flashes
of the meteorological data were obtained from sonde and air{<1 km) is set to 47%. Among these short flashes, 36% are
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Fig. 3. Temporal evolution of the total flash raf&@) from observa-
tions (black curve)(b) from the non-precipitation and precipitation
ice mass flux product (green curve), af@ from Price and Rind
(1992 in the entire convective system (blue curve) and fierice

of Wang et al(1998 from laboratory studies have been mul-
tiplied by 5 to best match with observationggr=1.7x 107
andbre=6.5x 1016).

4.2 Results

The dynamics and the microphysics structure of this storm
has been studied previouslySKamarock et al. 200Q
BDBO07). These studies showed that the WRF simulations
compare well to the radar data. Based on the storm struc-
ture and dynamics, three different stages have been identi-
fied in this storm: a multicell (0—80 min corresponding to
23:15-00:30 UTC), a transition (80—110 min corresponding
to 00:30-01:05UTC) and a supercell (110-180 min corre-
sponding to 01:05-02:30 UTC). For comparison of observa-
tions to the model results, the number of observed lightning
flashes are reported for the period 23:40 to 02:15 UTC.

First, the flash rate computed from the ice mass fluxes is
compared to observations. The simulated and observed total
flash rates are shown in Figa and b. The number of flashes
observed between 23:40 and 02:15 UTC was 3728, while that
simulated was 4253 flashes for the 3-h simulation. The first
simulated flash occurs after 25 min of simulation. In the mul-
ticell stage, several cells are at different evolution stages, so
the extreme values and the average values of the flash rate are
compared. The minimum and maximum values in the REF
simulation are 2 and 39 fl. mirt, respectively, which is sim-
ilar to the minimum and maximum observed values (3 and
341fl. min~1; Table3). The mean flash rate during the multi-
cell stage is 9.2 fl. min! for the simulated flash rate, which is
similar to the 10.5fl. min! observed. During the transition
stage, the ice mass flux parameterization underestimates the
mean flash rate (15.7 vs. 20.4 fl. mi) and overestimates it
in the supercellular stage (43.8 vs. 33.8fl. mip BDBO7
have shown that the supercellular stage begiB8 min ear-
lier in the simulation compared to observations and the sim-
ulated mass flux product is20 times larger than observed
in this stage of the storm. The differences in the simulated
and observed microphysics and dynamics features cause the
differences in the observed and simulated flash rate.

Figure 4 shows horizontal and vertical cross sections of
the simulated NO mixing ratio during the different stages

and Rind(1992) in each individual cells (red curve). The different Of the storm. During the multicell stage, NO production by
stages of the storm are indicated both for the observed storm (a) anghtning occurs mainly in the convective cores. At 3600s

for the simulated storm (b and c). Tla&G ratio from observations
(black curve) and from thBrice and Rind1993 parameterization

(orange curve) is also plotted).

considered as short duration flashed fns). In this simula-

(Fig. 4a), five different cells are present in the domain: three
of them are located along a NW-SE axis as initialized and the
two others are on the eastern side of the NW and middle cells.
Peaks of NO up to 3000 pmol moll are colocated with the
cells. NO mixing ratios higher than 1000 pmol mblare re-
lated to fresh production of NO by lightning flashes. Down-
wind of the convective cores (SE of the storm cores), NO

tion, it is assumed that the short duration flashes produce agalues lower than 1000 pmol mdl are due to the transport
much NO molecules per flash length as a normal short flashand dilution of NO produced by lightning earlier in the sim-
The production rate of NO per flash depends on the flastulation. Figuredb shows that high values of the NO mixing

length and on the pressure. The originandb parameters

Atmos. Chem. Phys., 8, 4694#1Q 2008

ratio are mainly located in the range 6—7.5km altitude and
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Table 1. Summary of the sensitivity test<’G ratio is the fraction of total flashes that are cloud-to-ground. MF: derived from the non-
precipitation and precipitation ice mass flux product; Obs.: Observations; FRE2 and Rind1992 for the global system; PR92/cell:
Price and Rind1992 in each individual cell; Cst: constant; LN: lognormal distribution; SDF: short duration flashes; DC00/—/—: bimodal dis-
tribution fromDeCaria et al(2000/lower isotherm {C)/upper isothermC); P;¢: production rate per meter é{C flash; P : production

rate per meter of G flash; W: a and b parameters fraiang et al(1998.

Name of the Total flash CG Flash ~ SDF Caell Horizontal ~ Vertical Production rate
experiment rate ratio  length identification  distribution  distribution per flash length
REF MF 0 LN yes  yes random DCO00/-15/-50 ;EPcg=Wx5
FR.OBS Obs. Obs. LN yes  yes random DCO00/-15/-50; c #Pc=Wx5
FR.PR92 PR92 0 LN yes  yes random DCO00/-15/-50 ;- FPc=Wx5
FRPRO92CELL PR92/cell 0 LN yes  yes random DCO00/-15/-50 ;cBPr5=Wx5
CG.CST MF Cst LN yes  yes random DCO00/-15/-50 ;cBPrG=Wx5
CG.OBS MF Obs. LN yes  yes random DCO00/-15/-50 ;cBPrG=Wx5
CG_PR93 MF PR93 LN yes  yes random DC00/-15/-50 j o BPc =W x5
ISO_UP_45 MF 0 LN yes  yes random DC00/-15/-45 ;d=Pcg=Wx5
ISO_LOW_20 MF 0 LN yes  yes random DCO00/-20/-50 ;d=Pcr5=Wx5
LENGTH_21 MF 0 21km no yes random DC00/-15/-50 ;RPcG=Wx5
NO_SDF MF 0 LN no yes random DCO00/-15/-50 ;P*Pcg=Wx5
VOL_20.DC MF 0 21km no yes 20dBZ DC00/-15/-50 ;@>=Pcs=Wx5
VOL_20 MF 0 21km no yes 20dBZ uniform 1B=Pc=Wx5
VOL_CLD MF 0 21km no yes cloud uniform =Pcg=Wx5
VOLALLCLD MF 0 21km no no cloud uniform Pc=Pcg=Wx5
WANG_10 MF 0 LN yes  yes random DCO00/-15/-50 ;d»Prg=Wx10
WANG_1 MF 0 LN yes yes random DCO00/-15/-50 ;PPcg=W
PRODCG.2 MF Obs. LN yes  yes random DCO00/-15/-50 ;cRPcG/2=Wx5
PRODCG.10 MF Obs. LN yes  yes random DCO00/-15/-50 ;cRPcG/10=Wx5

11-14 km altitude due to the bimodal distribution of the flash craft measurements collected between 23:16 and 00:36 UTC
segments. onto the across-anvil plane, which+s60 km downwind of
At5400's, during the transition stage, the flash rate is loweithe convective core. Several regions of simulated NO mixing
than in the multicell stage (see FRB).which can explain why ratio higher than 540 pmol mot can be seen at the altitude
peak NO values decrease (FHg). NO starts to spread over a 0f 11.5km and up to 13 km which is in agreement with ob-
large region in the anvil. The vertical cross section during theservations (Fig5 “REF”).
transition stage (Figld) confirms that less LN@is produced NO transects across the anvil during the multicell and the
at this time of the simulation. transition stage of the storm have been plotted in Big.
In the supercell stage<£72005s), the flash rate (Tal#®is  After 1h of simulation (left panels), the transect is 10 km
higher than in the two other stages with values in the rangalownwind of the southeastern cell. The simulated tran-
19-61fl. mim! leading to high values of the NO mixing ra- sect REF compares well with observations. A peak of

tio. In the anvil, values higher than 4000 pmol mbxtend
horizontally for 25 km from the convective core. NO mixing
ratios up to 1000 pmol mol can be found 100 km down-
wind of the updraft maximum. Even though the LN@a-
rameterization produces LN@nly in a small region in and

1800 pmol mot? is simulated and N©500 pmol mot 1 ex-
tends over a distance of 20 km in the simulation. The dis-
tance over which the observed NO mixing ratio is higher than
500 pmol mot? is 30 km. Thus, WRF with its new LNO
parameterization is able to simulate peaks of NO higher than

downwind of the convective core, NO molecules are trans-1000 pmol mot? in the region where lightning flashes are
ported and diluted in the whole cloud. Lightning flashes aremostly triggered and propagate. After 1 h 30 min of simula-
then responsible for a large amount of NO in the whole sys-tion (right panels), the transect is located 50 km downwind

tem during the supercell stage (Fi).

of the main convective core. The trends of the simulated and

The NO mixing ratios from the model are next compared observed transects are the same, however the simulated val-

to the University of North Dakota’'s (UND) Citation air-

ues are lower in magnitude compared to the observations.

craft measurements. The observed NO vertical cross-sectiofihe lightning activity in this storm started at 21:52 UTC, i.e.
(Fig. 5 “Observations”) is a result of projecting the NO air- 108 min before the first flash was triggered in the simulation

www.atmos-chem-phys.net/8/4691/2008/
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Table 2. Summary of the sensitivity tests results. For the_SDF experiment, the number in parentheses corresponds to the number of

NO moles produced per flash that is not a short duration flash. For the NO peak value column, the numbers in brackets represent the NO
peak value in the three different stages (multicell/transition/supercell) of this storm. Observations are values analyzed from observations by
Skamarock et a(2003.

Average NO moles NO peak value N@ux through Total amount of
per flash (nmol mot1) the anvil LNG produced
(moles) (108 molm=2s~1)  for the life of the storm
(kg(N))
Observations 43.2 5.8 32-88(7
REF 121.3 14.2 (13.8/5.2/14.2) 5%2.70 72.2%10%
FR.OBS 126.3 16.7 (9.4/7.4/16.7) 64£0.02 66.6% 107
FR.PR92 119.6 15.2 (4.2/9.0/15.2) 4:46.17 61.7%10%
FR.PR92CELL 121.0 12.5 (7.3/9.3/12.5) 6.82.78 59.14 107
CG.CST 1211 19.6 (9.3/7.8/19.6) 5+%9.68 72.1% 107
CG.OBS 122.6 23.6 (8.1/5.1/23.6) 586.94 72.9% 107
CG_PR93 124.5 24.1 (9.7/8.5/24.1) 5:62.02 74.16¢10%
ISO_UP_45 122.3 21.9 (8.2/7.8/21.9) 6.#3.00 72.8k10%
ISO_LOW_20 127.0 17.0 (7.2/6.5/17.0) 642.21 75.6% 107
LENGTH-21 125.0 19.5 (7.4/5.6/19.6) 5483.79 74.45% 107
NO_SDF 120.6 (146.2) 16.9 (9.3/8.5/16.9) 54400 71.85 107
VOL_20.DC 114.4 3.5(1.5/1.3/3.5) 8.5#3.17 68.16¢10%
VOL 20 131.9 4.9 (1.9/2.1/4.9) 12.66.62 78.5% 107
VOL_CLD 126.2 2.5(1.2/1.4/2.5) 15.217.66 75.1% 107
VOL_ALLCLD 123.0 1.8 (0.5/0.9/1.8) 15.123.22 73.2%10%
WANG_10 245.7 29.6 (27.4/10.6/29.6) 9468.32 146.3k 107
WANG_1 24.6 2.9 (2.9/1.1/2.9) 2.620.42 14.6% 102
PRODCG.2 123.1 21.4 (6.5/5.4/21.4) 5.89.96 70.26c 107
PRODCG.10 129.2 21.6 (9.3/5.4/21.6) 6.12.08 76.9% 107

Table 3. Total number of flashes, mean flash rate and peak values of the flash rate for each stage of the storm and for the entire storm (All).
M, T and S correspond to the multicell, the transition and the supercell stages, respectively. The time intervals for computing the number of
flashes in the transition and supercell stages of the storm are displayed &1 Fi.the observed multicell stage, the time interval is from
23:40to 00:30 UTC.

Experiment Total number of flashes | Average flash rate and standard deviation (ftn | Extreme values (mint)
M T S All M T S All M T S
FR.OBS 784 918 2026 3728 10.5£8.1  20.4t5.5 33.8:14.1 23.913.1| 3-34 9-30 8-58
REF 728 456 3069 4253 9.2+7.2 1549.6 43.811.0 27.3%174| 2-39 2-30 19-61
FR PR92 487 706 2494 3687 8.9+£55  23.5:19.3 35.613.9 23.617.7 | 2-25 1-63 10-67
FRPR92CELL | 874 574 2042 3490 14.6+11.7 19.%#16.0 29.211.5 21.%14.2| 2-56 1-52 18-57

(25 min after the beginning of the simulation or 23:40UTC).  The effect of the transport and lightning production of NO
NO may have accumulated in the environment of the stormcan be seen by comparing NO and N@nal mixing ra-
leading to larger values than simulated. In summary, thetios with their initial values. Figur@ shows the NO, NQ
WRF model coupled with the new LNGscheme gives re- and LNQ, (a tracer of NO produced from lightning) ver-
sults in good agreement with observations both near the cortical profiles horizontally-averaged over the model domain
vective cores and in the anvil. after 3 h of simulation. The NO and NGrertical profiles

are impacted by transport, chemistry processes and light-
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Fig. 4. NO mixing ratio (in pmol mot1) at 11.5 km m.s.I. (left column) and vertical cross sections along the anvil axis (right column). The
results are shown during the multicele@600 s; top row), the transition5400 s; middle row) and the supercel7200s; bottom row)

stages. Results are for the reference simulation (REF). The black line segments Al, A2 and A3 correspond to the location of the vertical
cross sections. The red line segments B1, B2 and B3 correspond to the transects across the anvil 10 km downwind of the convective core
atr=3600s (Figs6 and7, left columns), to the transect across the anvil 50 km downwind of the convective aer®4&0 s (Figs6 and7,

right colums) and to the transect across the anvil 60 km downwind of the convective cof®@0 s (Fig5), respectively.

ning flashes. The NQin the boundary layer is transported of 5.8x10-8molesnt?s! (Table2). In this simulation, a

to the mid- and upper troposphere by the updraft; approxtypical flash is 21.7 km long. The mean production rate per
imately 45% of the anvil air is from air that was entrained flash calculated by dividing the total production of NO by
into the storm Barth et al, 20073. The NQ, mixing ra-  the total number of flashes is 121.3 moles of NO &718%°

tio at the ground is reduced from 600 pmol mbi(Fig. 2a) molecules NO). This production rate is in the lower range of
to 350 pmolmot? (Fig. 2b) due to the chemistry convert- the estimates from the last 5 years as reporte8dfyumann
ing NOy to HNO3. When comparing the NO and LNO and Huntriesef2007. Furthermore, our estimate is lower
curves, it can be seen that the two peaks at 13.0 km m.s.than most of the 3-D CRM studies.

and 6.5km m.s.|. are caused by NO production by lightning

flashes. The intense vertical motions and the high electrical

activity in the 10 July 1996 STERAO storm causes the mod-5  gensitivity analyses

eled NO mixing ratio to increase by 120% at 13km m.s.l.

and by 400% at 6.5km m.s.|. To examine the key processes in the LN@rameterization
The simulated N@ flux through the anvil is for CRMs, the sensitivity of the NO mixing ratio to several

5.72x108 moles nT2s~1, which is similar to the value de- parameters is investigated. In particular, the impact of the to-

rived from observations reported Bkamarock et a(2003 tal flash rate (Secb.1), the CG rate (Sech.?2), the altitudes

www.atmos-chem-phys.net/8/4691/2008/ Atmos. Chem. Phys., 8, 489202008



4700 C. Barthe and M. C. Barth: LN(parameterization and uncertainties for CRM

— 16.5

(9]

€

1S

< q15fF .

o )

ie)

2

= Observations FR PR92

<C 6.5 " N . N P! "

3

1S

€

=3

(0]

e)

=2

5 FR_PR92_CELL CG_PR93
6.5 IS S Avcol bl

3

€

1S

=3

(0]

©

=2

5 ISO_UP_45 ISO_LOW_20 LENGTH_21
6.5

>

€

IS

=3

[0}

©

=

2 e . VoL 20 DC VOL CLD VOL_ALLCLD

— 16.5

(2]

1S

IS

X

= 115

[0}

©

2

2 es WANG 10, L WANG 1 ., PROD CG 2 ___.PROD GG 10
0 20 40 60 80 100 1200 20 40 60 80 100 1200 20 40 60 80 100 1200 20 40 60 80 100 120

Horizontal distance (km) Horizontal distance (km) Horizontal distance (km) Horizontal distance (km)

60 100 140 180 220 260 300 340 380 420 460 500 540 pmol mol-!

Fig. 5. Vertical cross sections 60 km downwind of the convective core of the NO mixing ratio (pmofnatross the anvil at 6000s.
Observations are a composite from airborne measurements between 23:16 and 00:36 UTSkéimarock et al2003. The location of
the transect B3 is shown on Fig. The different simulations are defined in Tatile

of the peaks of the NO source (Sebt3), the flash length and compared to observations from the ONERA interfero-
(Sect.5.4), the short duration flashes (Sebt5), the spatial  meter Defer et al, 2001). First, the total flash rate can be de-
distribution of the NO molecules (Seét6), and the NO pro-  duced from the non-precipitation and precipitation ice mass
duction rate per flash (Sed.7) are studied. A summary of flux product as described in Sect. 2 (Aj.and used in the
the name and conditions of the experiments is given in Ta-REF simulation. Secondly, a sensitivity simulation is per-

ble1. formed using the flash data from the ONERA interferometer
(FROBS, Tablel). To determine the flash rate in each con-
51 Total flash rate vective celli, the cell flash rate ")) is assumed to be in

proportion to the cell ice mass flux produgt(’). That is,

When simulating the production of LNOn thunderstorms, .
the total flash rate is fundamental. Two different parameteri-F(,') — Fx fo
zations for the total flash rate have been tested in this section WAL

©)

Atmos. Chem. Phys., 8, 4694#1Q 2008 www.atmos-chem-phys.net/8/4691/2008/



C. Barthe and M. C. Barth: LNparameterization and uncertainties for CRM 4701

10 km downwind, t = 3600 s 50 km downwind, t = 5400 s

4000 T T T T T 1200 T T T T T
—_— Obsgéiﬁons 1000
3000 I —— FROBS T
g FR_PR92 g soo
= ——FR_PR92_CELL =
g 2000 g 600
£ e
400
2 1000 Cz)
200
0 t t 0
0 10 20 30 40 50 60
4000 T T T T T 1200
Obsgé?:tions 1000
T 3000 - —— GCG_PR93 =
Q CG_CST Q 800
E —— CG_OBS E
g 2000 g 600
k= o
400
2 1000 CZ>
200
0 0
4000 T T T T T 1200
Observations 1000
<3000 —— REF 4 =
© —— ISO_UP_45 S 800
E ISO_LOW._20 E
g 2000 g 600
k= b o
400
2 1000 PN <Z)
200
0 L L 0
20 30 40 50 60 0 10 20 30 40 50 60
Horizontal distance (km) Horizontal distance (km)

Fig. 6. NO (pmol mol1) transects across the anvil during the multicell stag@§00s) at 11.6 km m.s.l. and 10 km downwind of the
southeastern cell (left column) and during the transition stagf@00 s) at 11.2 km m.s.l. and 50 km downwind of the main convective core
(right column). The locations of the transects B1 and B2 are shown od.Fide different simulations are defined in Tafile

where F is the total flash rate. Thirdly, the total flash rate FR. PR92CELL, Eq. @) is multiplied by 0.19 and 0.16, re-
can be determined from the maximum vertical veloaityax spectively, to have approximately the same total number of
(ms™1) following Price and Rind1992): flashes as observed.

Fpr=57x 108 x w#‘igx (4) The simulated total flash rate is compared to that predicted
by the ice mass flux product and to the observed flash rate.
Two different simulations use tHerice and Rind1992 ap- In the REF and FRPR92 simulations, the first flash is trig-
proach for the flash rate. In the first simulationyax is the  gered at 25 min while the lightning activity starts at 19 min
maximum vertical velocity in the whole domain: the total in FR.IPR92CELL, i.e. only 3 min after ice particles start to
flash rate is then computed for the whole domain fAR92).  form in this simulated storm. However, the cloud becomes
The distribution of the flash rate in each cell is in propor- electrified after charges are exchanged during collision be-
tion to the cell ice mass flux product (E§). Because tween more or less rimed ice particles (&gkahashil978
the Price and Rind1992 parameterization has been used Jayaratne et 311983 Saunders et a11991). Using an ex-
several times in CRMsR(ickering et al. 1998 Fehr et al. plicit electrical scheme in a CRMBarthe and Pinty2007H
2004 Barth et al, 20078 where several cells can be iden- showed that the first flash was triggered 20 min after ice par-
tified, a second simulation in which the total flash rate perticles appeared in the cloud. Since the maximum vertical
cell is computed from the maximum vertical velocity in velocity in their simulated storm did not exceed 20Th,sa
each individual cell (FRPR92CELL) is performed. That shorter delay can be expected in the 10 July storm which is
is, Eq. @) is applied for each cell. Equatiod)(has been moreintense. The simulated 10 July STERAO storm starts to
rescaled for the FBPR92 and FEPR92CELL simulations  produce ice particles at 16 min and the flux hypothesis allows
in order to best match with observations. For.PR92 and the first flash to be triggered at 25 min, i.e. 9 min later. In the

www.atmos-chem-phys.net/8/4691/2008/ Atmos. Chem. Phys., 8, 489202008
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FR_OBS simulation, the observed flash rate is available sinceconvective cells, the NOflux depends on the lightning flash
21:52 UTC, butitis only taken into account starting at 25 min rate during the multicell stage of the storm because of the
(23:40 UTC) to allow the cloud to develop, to electrify and to >40 min of transport time from the convective cells to the
trigger lightning. location of the flux calculation. An increase of 79% in the
As some differences exist between the time of the ob-flash rate is related to an increase of 53% in the, NIOx
served and simulated stages of this storm, the lightning acthrough the anvil. The non-linear change between changes in
tivity is compared in each stage. Tallleshows highly vari-  flash rate and NQflux from these two simulations is due to
able results for FRPR92 and FRPR92CELL. Animportant  the placement of the flashes and therefore the placement of
point is that the flash rate in ERR92 and FRPR92CELL the NO source. The FRR92CELL simulation distributes
is in advance compared to REF and to observations @ig. the NO source according temax in the individual cells,
For example, at the end of the transition stage the total flashvhile the FRPR92 simulation distributes the NO source
rates in the FEBPR92 and FRPR92CELL simulations in-  according to the ice mass flux product (E8). These
crease 10 min before the REF simulation and the observetbcations may be similar but not necessarily exactly the
flash rate increase. In therice and Rind1992 parame- same.
terization for the total flash rate, only the maximum vertical
velocity is considered. There is no information about the ice5-2  Cloud-to-ground flash rate
content or about conditions favorable for the non-inductive o
separation mechanism which can lead to this lag. Thus, conBOcCiPpio et al.(200]) analyzed four years of OTD and
trary to the total flash rate deduced from the flux hypothesis \LPN flash rate data over the United States and found that
the total flash rate frorrice and Rind1992 seems to be 1€ CG 10 C ratio may be dominated by storm type, mor-
not as suitable for use in CRM as it does not take into aC_phoIogy, and level of organgtlon |n§tead of environmental
count the microphysical development of the storm which isParameters. Here, we examine the influence ofdiee to
of primary importance for the cloud electrification. Using an  C ratio on the NO mixing ratios. In this study, the cloud-to-
explicit electrical scheme to simulate a STEPS supercellula@round ratiox is defined by:
storm,Kuhlman et al (2005 concluded that there is no lin- Nceg
ear correlation between the maximum vertical velocity and® = Nic + Ncg ®)
the total flash rateDeierling (2006 confirmed this conclu-
sion using radar and lightning data.
To examine the effect of using different flash rate parame
terizations, the NO mixing ratio downwind of the convective

Price and Rind1993 estimated the cloud-to-ground ratio
apg from the depthz of the layer from the freezing layer to
the cloud top (simulation Cl?R93).

core is analyzed. Figureshows the vertical cross sections 1

of the NO mixing ratio across the anvil at 6000s. The REF,%PR = m (6)
FR.OBS and FRPR92CELL simulations display similar re- )

sults having several spots in the anvil with NO mixing ratio With:

>500 pmolmot!. The lower values of the NO mixing ra- Nic

tio in the anvil for the FRPR92 simulation are not due to * =~ N,

the lower flash rate during the transition stage (Bigsince — 0.0217* — 0.64873 + 7.49372 — 36,547 + 63.09 (7)

1193 flashes are produced in FR92 and 1184 in REF, but

instead are attributed to the lower flash rate during the multi-N;¢c andN¢¢ are the number of C andC G flashes, respec-

cell stage (487 flashes in FRR92 and 728 flashes in REF). tively. The cloud top height is computed taking the average

Indeed, NO molecules are produced mostly near the conveaaltitude where the total hydrometeor mixing ratio decreases

tive core and it takes-40 min to be transported in the anvil to to 10 °kgkg 1. Two other simulations (Tabl#) have been

50 km downwind. Because the number of flashes in the mulperformed with the observethgs ratio (CG OBS), and with

ticell stage is higher for FROBS and FRPR92CELL than a constant value (C&ST). The constant valuedgs1=0.02

for the REF simulation, the NO mixing ratios for EBBS =~ which corresponds taogs averaged during the simulated

and FRPR92CELL are also higher than those for REF in storm. These simulations are compared to REF in which

the vertical cross section at 6000s. In most cases, the simulashes are not considered.

lations producing more LNEnear the convective core (tran-  Figure 3 displays the observed and simulated

sect 10 km downwind at 3600 s) are the ones that have mordlcg/(N;c+N¢g) ratio. The apg ratio from Price and

NO transported in the anvil (transect 50 km downwind at Rind (1993 reaches 1 as soon as the electrical activity

54005s). begins, whenZ equals 4850m. Then, as the storm is
The NQ flux through the anvil varies developing and extending vertically, the  ratio decreases

from  4.46<108molm2s! for FRPR92 to rapidly to values-0.2. This value is 10 times larger than the

6.84x10 8molm2s! for FRPR92CELL (Table 2).  meana (0.018) deduced from observations between 23:15

As with the NO mixing ratios 50 km downwind of the and 02:15UTC. Even when the observed convection started,
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aogs did not reach such high valudsang et al (2000 stud- New Mexico and Oklahoma that the main negative charge
ied this anomalously lowC G rate in two STERAO storms is located in the middle level at 5-6 km m.s.l. while the up-
and concluded that it could originate from an elevatedper positive charge is centered at about 10-12 km altitude.
charge regionNlacGorman et al.1989. MacGorman et al. By examining electric field soundings in different thunder-
(1989 hypothesized that strong updrafts can suspend thetorms,Stolzenburg et ak1998 found that the temperature
negative charge center to higher altitudes than in ordinaryat the center of the main negative charge region varies from
storms. This elevated charge would favar flashes over —4°C to —32°C with a mean value of-15.7”C. Thus, the
CG flashes. Here, we can investigate the impact of theproduction of NQ and its subsequent distribution by up-
high « ratio on the LNQ production compared to the other drafts and downdrafts may be sensitive to the altitudes cho-
simulations. sen for the bimodal distribution.

Pickering et al.(1998 used Eg. ) to estimate theCG Two sensitivity tests have been performed to investigate
ratio in seven different storms. In the two mid-latitude con- the impact of a change in the altitude of the two levels where
tinental events in whiclCG flash data were available, the flash segments are preferentially distributed on the KNO
simulatedC G rate was in reasonable agreement with obser-mixing ratio and budget. First, the upper isotherm is set
vations. For the total flash rate in the simulated 21 July 19980 —45°C (simulation ISQUP_45) instead of-50°C in the
EULINOX storm,Fehr et al(2004 rescaled Eq.{) by afac-  REF simulation. Second, the lower isotherm is set&i°C
tor of 1.10. As for the total flash rate estimated by Br&ce (ISO_LOW_20) instead of~15°C in REF to account for the
and Rind(1992 parameterization, it is not clear if Eq7)(  hypothesized elevated charge mechanism in this stbamg
needs to be rescaled depending on the storm or on the modaedt al, 2000.

More tests should be done on several convective cases with Using the—45°C isotherm as the upper level for the flash
the same model and with available observations. segments distribution mainly shifts the LIN@roduction in

When comparing the NO mixing ratios along the tran- the upper troposphere to the altitude of 11.5km m.s.l. in-
sects and in the vertical cross section across the anvil (Figs. stead of the 12km m.s.l. Near the convective core and
and6), the CGOBS results are in better agreement with the slightly downwind, the NO mixing ratio is fairly similar in
REF simulation and with observations than ®R®93 and the REF, ISQUP_45 and ISOLOW_20 simulations (Fig6).
CG_CST results. The C®®R93 and CQCST results have The LNG produced in the lower mode for ISOOW_20 is
NO mixing ratios lower than the observations both near themore readily transported to high altitudes than in the REF
convective region and in the anvil. Consequently, it is impor- simulation.
tant to have the right number and temporal distribution for the  The impact of moving the altitude of the upper and lower
CG flashes. Because thg r ratio is~10 times greater than modes in the vertical distribution of the flash segments has
aops, more NO is produced in the mid troposphere at the ex-an impact on the flux of NQthrough the anvil (Tabl®).
pense of the upper troposphere resulting in a 33% increase dfowering the upper mode and raising the lower mode both
NO in the mid-troposphere and a 20% decrease in the uppetesult in an increase of the N@lux through the anvil.De-
troposphere (FigB). However, even if the NO mixing ratiois  Caria et al(2000 tested different temperatures40°C and
low compared to the reference run and to the observations, it-30°C) for the upper isotherm of their bimodal distribution
reaches 1000 pmol ot in the transects 10 km downwind. in the 12 July 1996 STERAO storm. They found that by low-

Despite an increase in th&G rate by a factor 10 between ering the upper mode of the flash distribution the maximum
CG_CST and CGPR93 (the total number of flashes being of the NO plume occurs at a lower altitude.
constant), NO produced by lightning is not significantly im-
pacted. It causes a decrease of 3.5% in the flux through thé.4 Flash length
anvil and an increase of 2.8% in the total amount of nitro-
gen produced during the storm lifetime. The flux through the Previous studies have estimated the flash Iength to be in the
anvil is decreased when there are moi@ flashes because range 20-50 kmThéry et al, 2000. For the 10 July 1996
even if more NO molecules are produced, they are produced® TERAO storm analysif)efer et al(2001) have shown that

at lower altitudes and it takes more time to be transported irfhe flash length in this storm is not constant and varies from
the anvil. 0.02 and 474 km. They have concluded that the average value

of the flash length is 19 km but is 34 km if short duration

5.3 Altitude of the upper and lower modes for the bimodal flashes (flashes 1 ms) are not considere®inty and Barthe
distribution (2008 conducted an ensemble of simulations of two ideal-

ized electrified storms with a cloud-resolving model coupled
Typically the I C discharge has a bilevel structuigh@o and  to an explicit electrical scheme. They showed that the num-
Krehbiel 1996, which is correlated with the main nega- ber of segments in an individual flash is highly variable from
tive and upper positive charge regions of the stofRison  flash to flash but looks like a lognormal distribution.
et al.(1999, Thomas et al(2001) andKrehbiel et al.(2000 To explore the importance of the variation of the flash
deduced from the use of the Lightning Mapping Array in length distribution on the production of NO from lightning,
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a simulation is performed using a constant flash length ofconsidered or not as part of the total lightning flash rate and
21km (LENGTH21, Tablel). The objective of this sen- as a source of nitrogen oxides is a matter of debate.
sitivity test is to determine whether a detailed description To investigate the possible impact of short duration flashes
of the flash length distribution (e.g. the lognormal distribu- in the LNO, production, a sensitivity simulation (NSDF)
tion) is needed to correctly represent the LN@oduction  has been performed. In this simulation, the lognormal dis-
or whether a constant flash length is sufficient. The value oftribution is used but it is hypothesized that the short dura-
21 km corresponds to the mean flash length simulated whetion flashes do not produce NO molecules. It is worth recall-
a lognormal distribution for the flash length is used and whening that the reference run (REF) assumes that short duration
short duration flashes are taken into account. flashes produce as many NO molecules per meter of flash
Using the more realistic lognormal distribution for the as “normal” flashes. It is assumed that the flash length of a
flash length (REF) leads to results fairly similar to a con- short duration flash is 1 km, and that 36% of the flashes that
stant value (LENGTH21) near the convective core and are 1km inlength are short duration flashes.
downwind. The main difference arises in Fi§.where In the NO.SDF simulation 4253 flashes have been trig-
the LENGTH21 and REF profiles differ between 5.5 and gered among which 699 were short duration flashes. If short
10.5km m.s.l. These mean profiles show that LENGZH  duration flashes are not considered in the total flash rate,
tends to produce more NO molecules in the lower part of thel46.2 moles of NO are produced per flash on average. If
cloud. This difference can be due to the treatment of the shorthe total amount of NO produced by lightning is divided
flashes<1 km since they are made up of only one grid point. by the total flash rate (4253), one flash produces on average
Due to the bimodal vertical distribution that is used, the short120.6 moles of NO which is fairly similar to the average NO
flashes tend to be produced in the upper part of the clougroduction rate in the REF simulation (121.3 moles of NO
(~12km m.s.l.). This is slightly higher than the analysis of per flash).
Defer et al.(2001) who showed that the VHF sources with  If short duration flashes are assumed to produce as many
strong radiation were mostly located in altitude between 7.5molecules per meter of flash as a normal flash, their impact
and 10.5km m.s.l. The increase of sources at lower altitudeon the NO mixing ratio is not significant. In Figsands, the
increases the NO production per flash from 121.3mole$ fl. NO_SDF and REF simulations give similar results. As noted
in REF to 125.0 moles ft1 in LENGTH_21 (=3.1%) because  in the previous section, the simulated short flashes are mostly
of the pressure dependence in the NO production Zkq. produced at altitudes between 11 and 12 km m.s.l., which is
Additional analysis and sensitivity tests showed if the higher than in the observations.
same number of NO molecules are produced per meter of Because the NGBDF simulation gives similar results to
flash for all the flashes, that the flashe30 km are responsi- the REF simulation and the contribution of short flashes to
ble for nearly 80% of the lightning-produced NO while these the NO production is small in the REF simulation (2% of
longer flashes were only30% of the number of flashes. LNOx is from flashes<1 km), the impact of short flashes is
Flashes<1 km in length represented 46% of the total number not significant. However, it must be kept in mind that little
of flashes, but produced only 2% of the lightning-generatedis known about the physics of these discharges. Thus, the
NO. When a constant flash length of 34 km instead of 21limpact of the short duration flashes on the NO budget should
km is assumed, the produced NO mixing ratio increases linbe studied further when more measurements of short duration
early. In this case, a 62% increase of the flash length resultflashes are available in conjunction with chemistry data.
in a 63% increase of the NO mixing ratio everywhere in the
domain (not shown). 5.6 Spatial distribution of the NO molecules

5.5 Short duration flashes Previous parameterizationBi¢kering et al. 1998 DeCaria
et al, 200Q 2009 assumed that the NO molecules produced

In the 10 July 1996 STERAO storrbefer et al.(2001) de- by the lightning flashes are instantly diluted over the whole
fined the short duration flashes as discharges lasting less thammlume of the cloud or in the 20dBZ contour. This in-
1 ms while the mean flash duration is 240 ms in this storm.stant dilution does not produce the NO peaks observed by
They reported that between 22:50 and 23:30 UTC up to 45%nstruments onboard airplaneBgth et al, 2007h Ott et al,
of the recorded flashes were short duration flashes. 2007). The goal of these sensitivity tests is to investigate how

Analyzing data from the lightning mapping arrayarlin the NO mixing ratio is affected by an instantaneous dilution
et al. (2003 identified three different types of short dura- of the LNG source.
tion flashes lasting less than 80 ms: the isolated events, the Four sensitivity tests are compared to the REF simula-
precursor events, and the high source power events. Severabn. As in the REF simulation, onlyC flashes are consid-
studies have shown that taking into account or not the shorered. First, the approach BieCaria et al(20095 is followed
duration flashes does not modify the flash rate trend but caifvVOL_20_.DC, Table1). The NO molecules are distributed
significantly change its magnitudeang et al, 2000 Wiens  vertically following two modes in the volume where the radar
et al, 2005. Whether these short duration flashes should bereflectivity exceeds 20 dBZ. Second, the NO molecules are
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Fig. 7. Same as Figp, for additional simulations.

distributed uniformly in the 20 dBZ volume above th&5°C mixing ratio across the anvil for VORO0_DC is fairly similar
isotherm (VOL20). Third, the simulation VOLCLD fol- to REF. The region of high NO mixing ratio is much larger in
lows Pickering et al(1999 where the LNQ is distributed  VOL_20 than in VOL20.DC. The study of VOLCLD and
over the entire cloud above thel5°C isotherm. In these VOL_ALLCLD results gives some insight on the impact of
first three simulations the LNQOsource is only distributed the cell identification. Figuré shows that three different
in the detected electrified cell in proportion to the flash ratespots of NO mixing ratio higher than 540 pmol mblare vis-
of each cell. Finally, the last simulation (VOALLCLD) ible for VOL_CLD. In VOL_ALLCLD there is only one large
follows Pickering et al.(1998 like VOL_CLD but there is  region where the NO mixing ratio exceeds 540 pmolmol
no cell identification. In these four simulations, the flash When the vertical distribution of the NO molecules is uni-
length is held constant (21 km) since the sensitivity test inform (VOL_20, VOL_CLD, VOL_ALLCLD), the region with
Sect.5.4 has shown no significant impact of the flash length high NO mixing ratio across the anvil (Fig) increases with
distribution. In the VOL20.DC, VOL_20, VOL.CLD and the volume in which NO molecules are instantly diluted.
VOL_ALLCLD, the NO molecules produced by a single Moreover this volumetric distribution of the NO molecules
flash are distributed over 9400, 4300, 17 700 and 23400 gricbver a large area does not allow the peaks in the tran-
points on average, respectively. In contrast, the REF simulasects to be reproduced near the convective core where an
tion places NO by a single flash e¥20 grid points. enhancement in the NO mixing ratio is observed (Fig.
In these transects (Fi), the NO mixing ratios near the
To identify the impact of the bimodal distribution on the convective core for VOL20, VOL 20.DC, VOL_CLD and

NO mixing ratio, the results of the VORO.DC and VOL20  yOL _ALLCLD are lower than observations, but are similar
simulations are compared. In Fig.the cross section of NO
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in magnitude to the observations 50 km downwind of the average profiles are affected by changingdtadb param-
convective core. The high NO mixing ratios on the south- eters, but the trends are the same for the three simulations
west side of the transect (Fig, right column) are due to the (Fig. 8).
widespread distribution of the LNGsource prescribed to be Two additional simulations are performed to study the im-
in the cloud or in the 20 dBZ contour. pact of a larger NO production rate 6yG flashes.Picker-

The NQ flux in all these simulations is larger than that ing et al.(1998 used the values given Brice et al (1997
determined from the observations and in the REF simula{111mol(NO) IC! and 1113 mol(NO) CG') to simulate
tion (Table 2) because the NO lightning sources for the seven case studies representing different environments. Fol-
VOL_20.DC, VOL_20, VOL.CLD, VOL_ALLCLD simula- lowing the method ofPrice et al.(1997) to determine the
tions are placed at thousands of grid points, many of whichamount of NO produced per flash in the 21 July EULINOX
are near and within the anvil (see 20dBZ contour in Fig. 1).storm, Fehr et al.(2004 used the value of 350 mol(NO)
The VOL 20.DC NOy flux is similar to that predicted by CG™'. The 480moles of NO produced péc were ob-
other models simulating this storBdrth et al, 20078 indi- tained by a fit to observationsDeCaria et al(2005 who
cating that their overprediction of the N@lux may be due simulated the 12 July 1996 STERAO storm using the GCE
to the larger region of the NO lightning source compared tomodel with thePrice et al. (1997 method determined that
the filamentary region in the REF simulation. Despite thethe /C mean production rate is 460 moles of NO &t
significant differences in the NOHux, the total amount of  flash. They also concluded from their sensitivity tests that
NO produced from lightning is fairly similar among these 4 IC and CG flashes produce the same amount of NO per

sensitivity simulations and the REF simulation. flash. However, they assumed an instantaneous dilution of
the NO molecules and only compared with the columny,NO
5.7 Production of NO per flash mass from observationsOtt et al. (2007 deduced from

their study that 360 moles of NO for bo#tC andCG flash

A recent review of lightning production of NO reported matches best with observations. Thus, the value of 121 moles
that the LNQ production rate per flash length varies of NO produced per flash derived here for the 10 July 1996
from 1x10° to 13x10?*moleculesm? (Schumann and STERAO storm is in the lower range of values used or de-
Huntrieser 2007). This large range of values has been ob- duced from previous CRM studies except when an explicit
tained in different storms by different ways: laboratory ex- electrical scheme is used. In previous parameterizations, the
periments, modeling studies with different models and differ-number of NO moles per flash was mostly deduced from
ent parameterizations or airborne measuremé@#gh etal.  Price et al.(1997 who suggested a ratio of 10 between the
(20071 have also reported a large range of NO moles pro-production rate pe€G and IC, or it was deduced from ob-
duced per flash (between 36 and 465moles of NOJger  servations, but only in one part of the storm. Few of the pre-
flash) for the same storm simulated here but using differentjious studies have used a geometric approach for the flash
models and different parameterizations. segments distribution or compared the NO mixing ratio to

The impact of the number of NO molecules produced perobservations in different regions of the storm.
flash length unit is investigated in this section. All the simu- The impact of the NO production rate péiC and
lations use th&Vang et al (1998 equation giving the num- CG is investigated with simulations PRQDG.2 and
ber of molecules produced per meter of flash (Bg. The ~ PROD.CG_10. In these sensitivity tests, the number of NO
WANG_1 simulation uses the original and » parameters molecules produced per meter of flash i€ & flash for a
(see Sect2), whereas the REF and WAN®O simulations  particular altitude is multiplied by 2 (PRQEBG_2) and 10
use 5 and 10 times the parameters, respectively. (PROD.CG_10) compared to ainC flash. In PRODCG_2,

This sensitivity analysis is the one that impacts most thethea andb coefficients of Eq2 are 3.4<10%! and 13.06< 106
NO mixing ratio both near the convective core and in therespectively foiC G flashes. For the PROBG_10, these co-
anvil. Figure5 shows that the NO mixing ratio in the anvil efficients become 1:710%2 and 6.5<107, respectively, for
in the WANG_10 simulation is far too high compared to ob- CG flashes. Foi C flashes, theirer and brer parameters
servations. In WANGLO, there is a large region with NO are used in the two sensitivity tests. Th& flash rate is
mixing ratio higher than 540 pmol mot that extends over — given by the NLDN observations.
50 km horizontally. Conversely, the WANG simulation ex- Figuresb, 7 and8 show no significant influence of increas-
hibits NO mixing ratio in the anvil less than 300 pmol mél ing the NO production rate p&rG flash length by a factor of

The large difference in the NO mixing ratio between the 2 or 10. The NQ flux through the anvil in PROICG_2 and
WANG_1, REF and WANGL10 simulations can be also seen PROD.CG_10 is higher than in REF wher€G flashes are
in Fig. 7. The NO moles per flash, the NO peak value, andnot considered (Tab®. Comparing CGOBS, PRODCG_2
the total amount of LNQproduced during the storm increase and PRODCG_10 shows an increase in the average number
guasi-linearly as the andb parameters increase (Talidg of NO moles per flash and in the N@ux through the anvil.
The NO mixing ratio increase is not exactly linear since it The average number of NO moles per flash is increased by
is impacted by the NQchemistry. The values of the LNO  0.5% and 5.4% between CGBS and PRODCG_2, and be-
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Fig. 8. Domain averaged vertical profiles of the Li®@acer atr=180 min. The LNQ tracer corresponds to the NO molecules produced
by lightning flashes and transported. The Lteacer does not experience any chemical reaction. The different simulations are defined in
Tablel.

tween CGOBS and PRODCG_10, respectively. However, flash rate is in good agreement with observations for both the
because only a small fraction of flashes @@ in this storm,  magnitude and trend of the flash rate. The distribution of the
it is difficult to conclude whether théC and CG NO pro- NO mixing ratio in the anvil, and the NO mixing ratio values

duction ratio is important or not. near the convective core and in the anvil agree well with the
aircraft measurements taken in the 10 July 1996 STERAO
storm.

6 Conclusions Several sensitivity tests have been performed to determine

the parameters that the lightning-produced,Nfarameteri-
A new lightning-produced N parameterization has been zation is most dependent upon. The flash rate is an important
developed for use in cloud-resolving models. This param-factor. For these simulations, using the predicted flash rate
eterization is based on three factors: flash rate, spatial disbased on the maximum vertical velocitirice and Rind
tribution and number of NO molecules produced per flash.1992 produced significantly different results from the ob-
The flash type is assumed to be intracloud based on observaervations for both flash rate and NO mixing ratios. Using
tions of the storm simulated in this study. The new lightning- observed flash rate data when available is desirable, but the
produced NQ parameterization has three unique characteris-modeled storm dynamics and physics must reproduce the ob-
tics. First, a vertical velocity threshold is used to identify the servations well. For the 10 July 1996 STERAO storm, the
cells that can produce lightning. Second, the flash rate is esduration of each stage of the storm (multicell, transition, su-
timated from the non-precipitation and precipitation ice masspercell) was correlated with the lightning flash rate. Thus, for
flux product, which has the benefit of containing information this case, it is also important to simulate the duration of each
on both the dynamical and microphysical state of the stormstage accurately to have corresponding microphysics and dy-
Third, the source location of the NO is filamentary using the namics with observed flash rate.
approach oDtt et al.(2007). This parameterization has been
tested on the 10 July 1996 STERAO storm. The predicted
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