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Abstract. A lightning NOy (LiNOx) source has been im-
plemented in the deep convection scheme of the Meso-NH
mesoscale model following a mass-flux formalism coherent
with the transport and scavenging of gases inside the con-
vective scheme. In this approach the vertical transport of
NO inside clouds is calculated by the parameterization of
deep convective transport, thus eliminating the need for a-
priori LiNOx profiles. Once produced inside the convec-
tive column, NO molecules are redistributed by updrafts and
downdrafts and detrained in the environment when the con-
ditions are favorable. The model was applied to three partic-
ular flights during the Tropical Convection, Cirrus and Ni-
trogen Oxides (TROCCINOX) campaign over the tropical
area around Bauru on 3-4 March 2004. The convective ac-
tivity during the three flights was investigated using bright-
ness temperature at 10.7 um observed from GOES-12 satel-
lite. The use of a model-to-satellite approach reveals that
the simulation appears rather realistic compared to the ob-
servations. The diurnal cycle of the simulated brightness
temperature, CAPE, number of IC flashes, NO entrainment
flux are in phase, with a succession of three marked peaks
at 18:00 UTC (15:00 LT). These simulated peaks precede
the observed afternoon one by about three hours. Compari-
son of the simulated NOy with observations along the flight
tracks show that the model reproduces well the observed
NOy levels when the LiNOx source is applied. The bud-
get of entrainment, detrainment and LiNOx convective fluxes
shows that the majority of the NO detrained back to the envi-
ronment comes from lightning source inside the convective
columns. Entrainment of NO from the environment and ver-
tical transport from the boundary layer were not significant
during the episode. The troposphere is impacted by detrain-
ment fluxes of LINOx from 4 km altitude to 16 km with max-
imum values around 14 km altitude. Detrainment fluxes vary
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between 75 kg(N)/s during nighttime to 400 kg(N)/s at the
times of maximun convective activity. Extrapolation of the
regional LiNOx source would yield a global LiNOx produc-
tion around 5.7 Tg(N)/year which is within the current esti-
mates but should not hide the overestimation of the number
of flash rates by the model.

1 Introduction

Ozone is produced in the troposphere by photochemical ox-
idation of hydrocarbons and CO catalysed by hydrogen ox-
ide radicals (HOx = OH + HO») and nitrogen oxide rad-
icals (NOx = NO + NO;). Consequently changes in at-
mospheric NOy concentrations can lead to a modification in
the rate of ozone production. NOy is emitted into the at-
mosphere from various natural and anthropogenic sources,
including fossil fuel combustion, biomass burning, aircraft
emission and lightning (Brasseur et al., 1996; Bradshaw et
al., 2000). Evidences of NOy production by lightning were
given by airborne measurements in and near mature thunder-
storms. Observations at different latitudes show that NOy
can be increased considerably (as much as a few ppbv) in the
upper troposphere on small spatial scales (Huntrieser et al.,
1998; Dye et al., 2000; Huntrieser et al., 2002; Skamarock
et al., 2003)

It is still poorly known how much NOy is produced by
the storms and how this production relates to cloud parame-
ters like particle phase, updraft strength, cloud top height, or
flash rate, which all would be useful for parameterisations of
NOx-production. Consequently, estimates of the global NOy
production by lightning in thunderstorms still differ by about
one order of magnitude, between 1-20 Tg(N)/year (Price et
al., 1997; Lee et al., 1997; Huntrieser et al., 1998). This
uncertainty can have great implications in terms of NOx bud-
get, especially in the southern hemisphere where the LiNOx
source dominates in the upper troposphere (Lamarque et al.,
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1997; Zhang et al., 2000; Martin et al., 2000; Hauglustaine
et al., 2001).

Although the convective clouds and lightning are local
processes, the impact of the LiNOx source is global. The typ-
ical lifetime of NOy increases from a few hours in the plan-
etary boundary layer to a few days in the upper troposphere,
where it can take part in the formation of HNO3z, HNO4 and
PAN. While PAN can act as a NOy reservoir, HNO3 can ef-
ficiently be scavenged. LiNOx is closely linked with OH
radical production and hence can impact on the oxidizing ca-
pacity of the troposphere (Labrador et al., 2004). The chem-
istry within the high NOyx plume originated from lightning,
their long-range transport and their potential importance in
sustaining background NOy far from source regions is still
a challenge for global and regional model (Crawford et al.,
2000; Tie et al., 2001; Brunner et al., 2003; DeCaria et al.,
2005).

Recent satellite observations have demonstrated that, on
the global scale, lightning activity is highest over tropical
continental areas (Christian et al., 2003). The Tropical Con-
vection, Cirrus and Nitrogen Oxides (TROCCINOX) exper-
iment took place over southern Brazil and provided the first
measurements of LiNOx near deep convective clouds over a
continental region in the tropics. This paper focuses on par-
ticular convective episodes of the TROCCINOX 2004 exper-
iment when LiNOx production was found in the upper tropo-
sphere. The objective is to quantify the amounts of LiNOx
produced in well-characterised cloud formations and scale
up the results of the mission to provide regional estimates of
lightning NOx.

2  Model description

The model used in this study is the Meso-NH model. A
full description of the model capabilities is available on http:
/lwww.aero.obs-mip.fr/mesonh (Lafore et al., 1998). One
single domain is used with a horizontal grid of 100x 100
points at 30 km resolution and 70 levels with grid spacings
from 40 m (bottom) up to 600 m (top). The altitude of the
model top is at 27 km. The time step is 30 s. The model starts
on 2 March at 00:00 UTC and runs for 66 h. The physics of
the model includes the prognostic calculation of the turbu-
lence and a convection scheme based on mass-flux calcula-
tions (Bechtold et al., 2001). A mixed-phase microphysics
and the subgrid cloudiness are available for these simula-
tions. The surface fluxes are provided by the ISBA (In-
teraction among Soil-Biosphere-Atmosphere) model (Noil-
han, 1989) for the natural patches and TEB (Town En-
ergy Balance) model (Masson et al., 2000) for the urban-
ized patches. The radiation scheme is the ECMWF scheme
(Mlawer et al., 1997). The chemistry scheme includes 37
chemical species representative of the O3-NOx-VOC chem-
istry (Crassier et al., 2000). Emissions are from the EDGAR
3.2 1995 database (Olivier et al., 2001a, b). The initial
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and large-scale mixing ratios for chemistry and the meteo-
rological initial and boundary conditions are provided by the
MOCAGE (MOdele de Chimie Atmospherique de Grande
Echelle) model (Josse et al., 2004; Massart et al., 2005).

The deep convection scheme of Meso-NH (Kain and
Fritsch, 1990; Bechtold et al., 2001) has been already
adapted by Mari et al. (2000) for the transport and the scav-
enging of soluble gases.

The mass flux formalism applied to the convective trans-
port of a chemical compound C, writes :

aC 1 amcC) _aC

— —— w_
ot PA 0z 0z

| )
convection
where A is the grid mesh area, p is the air density, M is the
mass flux (in kg/s) and w is the environmental subsidence to
compensate the upward mass flux. C is the mixing ratio of
chemical compound in the convective cells. The mass flux
term of Eq. (1) is further decomposed into:

IMC) _ am ct) d(Mcd)
9z 9z 9z
where the superscripts # and d refer to the “updrafts” and

to the “downdrafts” components, respectively. The different
mass flux divergences are expressed as:

2
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where € and § are the parameterized entrainment and detrain-
ment rates, respectively. Selecting C as the mixing ratio of
nitrogen monoxide, [NO], Eqgs. (3—4) are modified to include
the internal LiNOX production rates :

d[NOJ*

9t |LiNox

0 -
a—Z(M“ [NOJ) = €"[NO]—-5"[NOJ“+(pA) &)

ai(Md [NOJ?) = €?[NO] — 8[NO}* (6)
Z

The two terms on the right hand side of Eqgs. (5 and 6) rep-
resent the subgrid scale transport of NO. Transport of NO
is assumed to take place instantaneously during each model
timestep. The third term is the LiNOx term to be parameter-
ized. For this simulation, no lightning production is allowed
in the downdrafts. It is worth noting that no a-priori vertical
placement of LiNOx is necessary with this approach. Once
produced inside the convective column, NO molecules are re-
distributed by upward and downward transport and detrained
in the environment. The vertical placement of LiNOX is a di-
rect consequence of the redistribution by mass fluxes inside
the convective scheme. This approach is different to what has
been done in several global and regional models in which the
vertical placement of LiNOx was prescribed (Jourdain et al.,
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2001; Meijer et al., 2001; Grewe et al., 2001; Labrador et
al. 2004; Park et al., 2004; Labrador et al., 2005) based on
cloud-scale modelling studies (Pickering et al. 1998).

The electrical activity in the thunderstorms is related to
the vertical extension of the glaciated region where ice-ice
particle rebounding collisions are efficient enough to explain
the charging mechanisms (Reynolds et al., 1957; Takahashi,
1978; Saunders, 1992). A growing electrical field then re-
sults from the organization of dipolar, tripolar or even more
complex charge structures at storm scale (Rust and MacGor-
man, 2002; Rust and Marshall, 1996; Stolzenburg, 2002;
Barthe et al., 2005). The electrical field is broken down
by a partial neutralization of the electrical charges. This
is realized by a repetitive triggering of intra-cloud (IC) and
cloud-to-ground (CG) flashes. The flashes lead to the forma-
tion of NO in the lightning channels after dissociation of air
molecules at high temperature followed by a rapid cooling.
According to the statistical regression formula of Price and
Rind (1992), the total lightning frequency over land, fr can
be grossly estimated from mean cloud morphological param-
eters :

fr =344 x 107 H,*° (7

H_; is the cloud top height of the convective cells (in km).

Price and Rind (1993) proposed the following polynomial
relationship between the thickness of the cold icy cloud (H ¢,
in km) and the IC/CG ratio, 8:

B=0.021H},—0.648H7,+7.493H7,—36.54H r,+63.09 (8)

with 1<f<50.

A scaling factor ¢,,=0.97241 exp(0.048203 x AlatAlon)
is introduced by Price and Rind (1994) to adapt f to dif-
ferent mesh sizes in interval of latitude (Alat) and longitude
(Alon) given in degree.

The combination of Egs. (7-8), leads to the final expres-
sion of the LiNOx production rates to be inserted in Eq. (5).
It can be written in condensed form :

d(NO)“ _ Ply
ot luinox 1+B

where the value of the mean production rate per CG
and IC namely, P(CG)=6.7x10% of NO molecules, and
P(IC)=6.7Tx 102 of NO molecules, of Price et al. (1997)
have been retained. It is worth noting that recent studies
based on airborne observations and cloud scale modeling
found that intracloud flashes are likely to be as effective in
producing NO as cloud-to-ground flashes (DeCaria et al.,
2000; Zhang et al., 2003; Fehr et al., 2004; Ridley et al.,
2005). It is also important to note that the estimates for the
lightning NOx production based on Price and Rind (1992,
1994) and Price et al. (1997) are on the high end of current
estimates in the literature (Labrador et al., 2005).

It is important to note that although the NOy source verti-
cal distribution is not specified a-priori, it is implicitly con-
trolled by the vertical distribution of lightning flashes in the

fr
P(C) + T3 P(CG) (9)
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model. The practical implementation of the LiNOx param-
eterization is based on critical vertical levels defined in the
deep convection scheme. IC flashes are equally distributed
between the cloud top and the freezing levels. The CGs are
located between the —10°C level (or the level of free sink
if below) and the ground. The NO production in flashes is
assumed to be proportional to air density following Golden-
baum and Dickerson (1993). Recent studies have shown that
unimodal or bimodal distributions would be more realistic
than uniform distributions as discussed in MacGorman and
Rust (1998) and DeCaria et al. (2000, 2005). The sensitiv-
ity of LiNOx sources to these assumptions during TROCCI-
NOX is not covered by the present work. A 1D version of the
model was run for one episode during the TOGA-COARE
experiment in order to test the sensitivity of the NOy to the
vertical placement of CG and IC. The comparison shows that
the altitudes of maximum NOy in upper troposphere for were
very close in the uniform and multimodal cases. The only
notable difference was around the level of —15°C isotherm
where the multimodal approach gives a local maximum. Al-
though the parameterised convective scheme treats the en-
trainment and detrainment fluxes, the first order effect is to
bring the LiNOx up to the cloud outflow region with low
sensitivity to the altitude of the source inside the convective
column.

3 Experiment and meteorological situation
3.1 Experimental design

The instrumented campaign took place in February-March
2004. The investigated region was the tropical area around
Bauru (22°19’S, 49°07'E) in the Sdo Paulo state of Brazil
(Fig. 1). The region is located within the zone of most in-
tense South Atlantic convergence zone (SACZ) convection
(Liebmann et al., 1999; Carvalho et al., 2004). During the
austral summer, it is characterized by frequent and vigorous
mesoscale convective systems sometimes associated with ex-
treme precipitation events (Nouges-Paegle and Mo, 1997;
Liebmann et al., 2001; Carvalho et al., 2002; Carvalho et
al., 2004). Most thunderstorms are associated with cold front
convection in a mountainous terrain, although local thunder-
storms and mesoscale convective systems are also present. In
the region further west of the Bauru area, the thunderstorm
characteristics are associated with local conditions, fronts,
and the proximity of the Bolivian high (Pinto and Pinto,
2003). The southeastern Brazil is also one of the principal re-
gion in terms of lightning activity (Pinto et al., 1996, 1999a,
b) with flash densities higher than 10 flashes km~2 year™!
(Pinto and Pinto, 2003; Pinto et al., 2003).

A fully instrumented research high flying aircraft (ceil-
ing altitude of about 12km), a Falcon 20, operated in the
middle and upper troposphere. During the intense measure-
ment campaign the aircraft operation was coordinated with
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Fig. 1. Simulated meteorology on 3 March at 12:00 UTC (09:00 LT): (a) mean sea level pressure in hPa and wind vectors at the surface, (b)
wet-bulb potential temperature in K and wind vectors at 850 hPa. The inside domain is used for Figs. 3, 4 and 5.
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Fig. 2. Same as Fig. 1 on 4 March at 18:00 UTC (15:00 LT).
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Fig. 3. (a) Simulated convective tendency for NO in pptv/s at 12km, (b) 10.7 um BTs (K) obtained from the Meso-NH simulation and (c)
10.7 pm BTs (K) obtained from GOES-12 observation on 3 March 2004 at 12:00 UTC. The black line displays the track of flight 9.

detailed ground-based and space borne systems (Schumann
et al., overview paper in preparation). Observations in the
boundary layer were also available from the Brasilian low-
level aircraft although not during the dates studied here. This
study focuses on three particular flights operated by the Ger-
man Falcon 20 on 3—4 March. These flights were dedicated
to the study of lightning NOx with observations of both fresh
and aged LiNOx emissions. Flight 09 was a morning flight
from 10:00 UTC to 14:05 UTC (07:00 LT to 11:05 LT) de-
signed to sample the background environmental conditions,
before the impact of the afternoon convective activity. Flight
10 took place in the afternoon of the same day during the
peak of convective activity. The aircraft operated close to the
Bauru radars and sampled outflow of fresh LINOx emissions.
Flight 11 was devoted to the study of more aged airmasses
with the objective to understand how the convection from the
day before impacts the ozone budget over the region.

3.2 Mesoscale situation on 3—4 March

The SACZ is a northwest-southeast oriented quasi-stationary
region of enhanced convection that extends southeastward
from the ITCZ region anchored over the Amazon region into
the South Atlantic Ocean. Each individual SACZ episode is
composed of one or several midlatitude cold fronts that in-
trude into the subtropics and tropics, becoming stationary for
a few days over southeastern Brazil (Carvalho et al., 2004;
Liebmann et al., 1999). Figs. 1b and 2b show the southern
branch of the SACZ extending partially over the southern
South Atlantic. The SACZ is characterized by high values
of wet-bulb potential temperature (6,) at 850 hPa, represen-
tative of moist and warm air masses. The position of the
associated cold front is determined by the line of strong 6,
gradient along a North-West South-East axis. At 850 hPa,
dry and cold air masses are simulated behind the cold front
with low 6, values (<320 K). Between 3 March and 4 March
at 18:00 UTC (15:00 LT), the high pressure system moves
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from the continent toward the south Atlantic, pushed north-
eastward by the cold front (Fig. 1). In the free troposphere,
on 3 March at 12:00 UTC (09:00 LT), the Bauru area re-
mains under the influence of northwesterly flow with con-
tinental origin. While the front moves northeastward over
the ocean on 4 March, the flow turns more southeasterly but
the Bauru region remains under the influence of warm and
humid airmasses. North of the cold front, the simulated up-
per troposphere has relatively low ozone mixing ratios, rang-
ing from 50-60 ppbv (not show) in agreement with the ob-
served ozone mixing ratios. On contrast, the region south
of the cold front is strongly impacted by the subtropical jet
stream and the subsidence below the front. In the upper and
mid-troposphere, higher ozone mixing ratios (>80 ppbv) are
found in the model, most probably of stratospheric origin and
large-scale advection associated with the jet.

3.3 Convective activity

The convective activity that occurred during the three Fal-
con flights is now documented using brightness tempera-
tures (BT) at 10.7 um observed from GOES-12 satellite at
12:00 and 21:00 UTC 3 March and 18:00 UTC 4 March
(Figs. 3, 4 and 5). In addition, the synthetic BTs calcu-
lated from the simulation are also shown. Indeed, the use
of the so-called model-to-satellite approach allows us a di-
rect comparison between simulated BT with those observed
from satellite (e.g., Morcrette, 1991; Chaboureau et al.,
2000; Chaboureau and Bechtold, 2005). The synthetic BT
are computed using the Radiative Transfer for Tiros Oper-
ational Vertical Sounder (RTTOV) version 8.2 (Saunders et
al., 2005). Observed and simulated BTs are displayed on the
30-km horizontal model grid over a sub-domain of 50x50
gridpoints covering the full flight tracks.

At 12:00 UTC 3 March a deep convective cell is observed
to the northwest of Bauru (point A in Fig. 3), but is missed
by the simulation. Otherwise, not much convective activity

Atmos. Chem. Phys., 6, 5559-5572, 2006



5564

3
H
i

S SANe T
DRRr AR 0450
o |t 77 77 A Y

D%E/;Zo/;o?;/ 2/‘ ~1:0.350

p@o R Y ;"\‘%Oé,‘%/ -|j0:300
% % ofel | [ ] io-250
s 0 0.200

LY /Baﬁﬁ%é; © o150

>~ S b

B vl / /| ©]j0.100

_»j%‘: - 77 / ]10.050

P 4
K L 4 = d

— —
o 0.500
Gf 0.450
: f 10.400
%?t 0.350
2
A 10.300
0 R 10.250
§ 0.200
g g 0.150
;: 0.100
55 0.050
. >

Fig. 5. Same as Fig. 3 for flight 11 on 4 March at 18:00 UTC.

and LiNOx production are found along the track of the flight
09 in the two images showing a rather good agreement be-
tween the observation and the simulation. At 21:00 UTC 3
March, convection is well-developed over all the land part
of the domain in both the observation and the simulation
(Fig. 4). The convective activity is clearly associated with
enhanced NO convective tendencies. The thunderstorm doc-
umented during flight 10 presents characteristics of a deep
convective event with BTs less than 210 K. Lightning was
also observed at 16:57 UTC by the Lightning Imaging Sen-
sor (LIS) on board the Tropical Rainfall Measuring Mission
(TRMM). The general organization of the deep convective
event is well-captured by the model. However, the simulated
event is located a bit too far east compared to the observation.
As expected, a perfect match is not attained which makes a
point-to-point comparison along the track of flight 10 diffi-
cult. At 18:00 UTC 4 March, the observed convective ac-
tivity and associated NO source have moved further north
(Fig. 5). The simulated BTs display a similar pattern, but
with lower BTs to the west than the observed ones. The track
of flight 11 encounters several convective cells in both the
observation and the simulation, but not exactly at the same

Atmos. Chem. Phys., 6, 5559-5572, 2006
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locations. Overall, the simulation appears rather realistic
compared to the observation, but it can miss some individ-
ual cells probed by the Falcon. This result is further shown
by the time evolution of several variables over the same do-
main of 50x50 gridpoints (Fig. 6). The average simulated
BT displays a comparable time evolution to the observed one,
but with less variation from day-to-day. However, the other
simulated fields present a succession of three marked diur-
nal cycles. The average convective available potential en-
ergy (CAPE), the total number of intracloud lightning, and
the percentage of cloud tops higher than 8 km within the do-
main are in phase, peaking at 18:00 UTC (15:00 LT). These
simulated peaks precede the observed afternoon one by about
three hours, as already noted by several studies on the diurnal
cycle (e.g., Chaboureau and Bechtold, 2005, among many
others).

4 Aircraft observations and model analysis

Flight 09 was designed to study the environmental conditions
before the peak of convective activity. The model reproduces
well the meteorological parameters (not shown) along the

www.atmos-chem-phys.net/6/5559/2006/
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flight track. Fig. 7 shows the simulated and observed O3z and
NO-NOy mixing ratios along the flight track. Two simula-
tions were performed with and without the lightning source
of NOx. Adding the LiNOx source significantly improves
the simulation of NO and NOy with higher mixing ratios at
the levels of the Falcon flight (around 12km) in agreement
with the observations. The lightning emission of NOy is thus
the major source of NOy and NOy in this region. The im-
pact of the LiNOx source on ozone in the upper troposphere
becomes significant during the second half of the flight with
an increase of ozone mixing ratio by 10-15 ppbv when the
LiNOx source is triggered. During flight 09, the first maxi-
mum of NOy mixing ratio observed by the aircraft during its
ascent is well captured. According to the model and satellite
images (see previous section), this maximum of NOy origi-
nates from convection southwest of segment A-B in Fig. 3.
These high NOy mixing ratios were then advected thus corre-
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sponding to sources of aged lightning NOy. High mixing ra-
tios are again observed and simulated while the aircraft was
over the Sao Paolo region, before the final descent toward
Gaviao Peixoto, close to Bauru. According to the model
results and the satellite images there was no convective ac-
tivity over the Sao Paolo area at this time (segment G-H-I
in Fig. 3). A fast vertical transport of polluted air masses
from the megacity is thus unlikely. Indeed, a vertical cross-
sections of NO (not shown) shows that the NO uplifted or
produced by lightning in the continental convection west of
the domain is transported toward the Sao Paolo region and
the ocean where it mixes with clean oceanic air.

The second flight (Flight 10) was dedicated to the study
of the local convection in the afternoon of the same day.
The aircraft remained close to the Bauru radars and sampled
fresh LINOx emissions. Observed NO mixing ratios reached
very high values (>15 ppbv). In Fig. 8, although the model

Atmos. Chem. Phys., 6, 5559-5572, 2006
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source (close to zero for NO and NOy).

reproduces the two maxima of convection activity at the be-
ginning and the end of the flight, it cannot capture the very
high mixing ratios of NO and NOy, observed during these two
periods. The reason for this underestimation is the coarse
model resolution compared to the typical spatial and dura-
tion scales of the LiNOx events. As for flight 09, the ozone
mixing ratios are increased by 10 to 20 ppbv at 12 km when
the LiNOXx source is active.

Flight 11 took place the day after and extended the explo-
ration area in the upper troposphere northward up to 12°S.
Observed NO and NOy mixing ratios were lower than during
the previous two flights with NO mixing ratios always less
than 2 ppbv (Fig. 9). During this flight, the model tends to
overestimate the observed NO and NOy mixing ratios. This
overestimation of NOx by the model can be due to (1) over-
estimation of convective activity and the associated LiNOx
source or (2) missing heterogeneous sinks for nitrogen reser-
voirs like HNO3. The formation of HNO3 occurs through
the direct reaction of NO, and OH. The destruction rate of
HNO3, however, is relatively slow with a lifetime of approx-
imately 20 to 30 days in the tropics. Because the photochem-
ical rate of destruction of HNOs3 is much slower than its pro-
duction rate, especially in the tropics, the cycling of NOy
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through the chemical destruction of HNOj3 is slow (Brasseur
et al., 1998). Since the conversion of HNO3 to NO; is slow,
the supposed overestimation of HNO3 in the upper tropo-
sphere will not produce a large increase in the NOy con-
centrations. The less efficient conversion of NOy to HNO3
in the upper troposphere allows the increase of NOyx due to
lightning as has been shown by the satellite data (Zhang et
al., 2000). Thus NOy levels in the upper troposphere will
be more strongly impacted by the convective activity than
by recycling from HNO3. As shown previously, the north-
ern part of the domain was characterized by numerous con-
vective cells, leading to an increase of lightning produced
NOx. The overestimation of NOx by the model is certainly
due mostly to the vigorous convective activity simulated dur-
ing flight 11 together with a memory effect of the upper tro-
posphere to convective activity during the previous 2 days.

5 Regional lightning NOy budget

One important aspect of the LiNOx budget is to characterize
the vertical distribution of the LiNOx source and subsequent
transport by the updraft and downdraft in the convective
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cells. In this paper, the vertical distribution of NOy is not
given a-priori but is a consequence of the diagnosed loca-
tion of IC and CG flashes, entrainment of environmental air
and detrainment at different levels of the clouds (see Sect. 2).
The detrainment flux represents what is really gained by the
troposphere. Figure 10 shows the total regional convective
fluxes, in kg(N)/s/m, calculated from the model over the
whole domain of simulation. Entrainment of NO into the
convective cells is very low during the three days of sim-
ulation. It is interesting to note that the production of NO
inside the convective cells is significant from 4 km to 16 km
altitude with maxima obtained in the 5km to 8 km altitude
range. Within this layer, the maxima of NO production by
lightning increases with time. Detrainment of NO to the en-
vironment starts at 4 km altitude and peaks at 12km on 3
March at 12:00 UTC and 14-15 km during the maximum of
convective activity. The maximum of NO detrained to the en-
vironment is obtained during the day of maximum regional
LiNOx production on 4 March at 18:00 UTC. From these
profiles, it is clear that the NO detrained back to the envi-
ronment mainly originates from lightning source inside the
convective column. Only a small fraction is pumped from
the boundary layer. The production of LiNOx in kg(N)/s/m
shows high values below the cloud base which are associ-
ated with the production in the CG flashes below the cloud
base and to a much lesser extent to the redistribution by
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downdrafts of LiNOx produced in the updrafts (no produc-
tion of LiNOx is allowed in the downdrafts). There were
no appropriate measurements during the studied flights to
show whether or not production of NO occured below the
cloud base. This production, however, remains confined be-
low the cloud base with very low re-entrainment into the
cloud. If the regional vertical profiles of detrainment fluxes
of NO are now integrated over the vertical (i.e. sum over
the layer from 4 to 16km height), the total NO produc-
tion by lightning released to the troposphere ranges between
75 kg(N)/s to 400 kg(N)/s (Fig. 11). The integrated detrain-
ment fluxes have a well pronounced diurnal cycle with peaks
between 15:00 and 18:00 UTC like other convective param-
eters (Fig. 6). The detrainment by the downdrafts is two
orders of magnitude lower than the detrainment by the up-
drafts (in the layer from 4 to 16 km height). The count of
active convective columns in the model varies from 500 (dur-
ing nighttime) to 3000 (during daytime on 4 March 2004 at
18:00 UTC) which represents about 5 to 30 % of the total
number of grid points in the model. This count is coherent
with the percentage of observed and simulated deep convec-
tive events over the domain (Fig. 6 (middle)). The detrain-
ment flux of NO per convective column based on the regional
flux divided by the total number of active convective cells
gives a production between 0.02 to 0.8 kg(N)/s/convective
cell. This production per convective column is in the range of
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Fig. 10. Total simulated vertical profiles of convective detrainment flux (solid line), entrainment fluxes (dashed line) and lightning NO
production flux (dotted line), in kg(N)/s/m at (a) 12:00 UTC (09:00 LT) on 3 March, (b) 21:00 UTC (18:00 LT) on 3 March 2004 and (c)
18:00 UTC (15:00 LT) on 4 March 2004. The fluxes are summed over the whole domain of the simulation (see Fig. 1).
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the production rates deduced from NOy storm budgets. Dur-
ing the STERAO campaign, Skamarock et al. (2003) derived
a production of about 0.2 kg(N)/s from the observations. A
production of 0.058 kg(N)/s/anvil can be deduced from the
study of Huntrieser et al. (1998) based on the flux of de-
trained air in the anvil and aircraft observation of NOy mix-
ing ratios in the anvil.

An important objective when studying particular convec-
tive episodes is to quantify the contribution of the convection
and associated LiNOx source to the regional and global ni-
trogen budget. The extrapolation method, however, is not
straightforward. From Christian et al. (2003), a rough esti-
mate of the relative lightning activity occurring over southern
America can be derived. From the annual cycle of the global
flash rate, it can be estimated that lightning activity in March
represents about 8% of the annual global activity (Fig. 7a of
the cited paper). The total number of IC flashes, resp. CG
flashes, over the simulated domain during the 66 h period is
2x107, resp. 4x10°. The average total number of flashes
(IC+CQG) is equal to 101 fl/s (respectively 84 fl/s for IC and
17 /s for CG) which is higher than the average global annual
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flash rate 44 fl/s. Such high flash rates have never been re-
ported in the literature and the model certainly overestimates
these rates. This could be partly due to the overestimation
of the convective activity during the third day of the simu-
lation or to the high sensitivity of flash rates to biases in the
cloud top heights (Allen et al., 2000). No ground-based mea-
surements were available for this region and these particular
days to quantify the variability of the flash rates during the
chosen episode. It is also worth noting that these particular
days were not typical average days as they were chosen for
their high convective activity. An average LiNOx produc-
tion of 3.4x 107 kg(N)/day can be calculated for the domain
from the simulated flash rates and the NOy production per
flash. Following the hypothesis rated above, based on the
global to regional ratio of flash rates, a gross extrapolation
gives a global LiNOx production rate around 5.7 Tg(N)/year.
The estimation is well within the range of current estimates
(Price et al., 1997; Lee et al., 1997; Huntrieser et al., 1998)
This result should not hide the uncertainties on the number of
flash rates simulated by the model. This estimate is below the
global production rate calculated by Skamarock et al. (2003)
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when multiplying the LiNOx production rate in the 10 July
STERAO storm by the storm frequency number following
Huntrieser et al. (1998). Uncertainties in the LiNOx source
are related to the vertical placement of the IC and CG flashes,
the number of flashes and NO molecules produced per flash,
the initial and lateral boundary NOy profiles and transport
parameterization. This work represents a first attempt to de-
duce a global scale LiNOx budget from a regional scale sim-
ulation. To reduce the uncertainties, the parameterized ap-
proach has to be compared with explicit electrical schemes
at cloud scale (Zhang et al., 2003; Barthe et al., 2006). Fur-
ther work is needed to reconciliate the different approaches
and provide a proper way to extrapolate storm and regional
NOy budgets to global scale.

6 Conclusions

A lightning NOy source has been implemented in the deep
convection scheme of the Meso-NH mesoscale model. The
LiNOx scheme is written following a mass-flux formalism
coherent with the transport and scavenging of gases inside
the convective scheme. No a-priori vertical placement of
LiNOx is necessary with this approach. Once produced in-
side the convective column, NO molecules are redistributed
by updrafts and downdrafts and detrained in the environment
when the conditions are favorable. The model was applied to
three particular flights during the TROCCINOX campaign
over the tropical area around Bauru on 3—4 March 2004.
These flights were dedicated to the study of lightning NOy
with observations of both fresh and aged LiNOx emissions.
The convective activity during the three flights was inves-
tigated using brightness temperatures at 10.7 um observed
from the GOES-12 satellite. The use of a model-to-satellite
approach reveals that the simulation appears rather realistic
compared to the observations. The model can miss some in-
dividual cells sampled by the aircraft due to the low hori-
zontal resolution of the model compared to the scale of the
cells. The diurnal cycle of the simulated brightness tem-
perature, CAPE, number of IC lightning, NO entrainment
flux are in phase, with a succession of three marked peaks
at 18:00 UTC (15:00 LT). These simulated peaks precede
the observed afternoon one by about three hours, as already
noted by several studies on diurnal cycle. The comparison of
the simulated NOx with observations along the flight tracks
show that the model reproduces well the observed NOy levels
when the LiNOx source is applied. Exceptions are the very
high levels of NOx observed in the anvils during flight 10 and
which horizontal and temporal scales can not be resolved by
the model. The model tends to overestimate the NOy levels
in the upper troposphere during the last flight which could
be due to high convective activity in the model. The bud-
get of entrainment, detrainment and LiNOXx convective fluxes
shows that the majority of the NO detrained to the environ-
ment comes from the lightning source inside the convective
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columns. Entrainment of NO from the environment and ver-
tical transport from the boundary layer were not significant
during the episode. The troposphere is impacted by detrain-
ment fluxes of LiNOx from 4 km altitude to 16 km with max-
imum values around 14 km altitude. Detrainment fluxes vary
between 75 kg(N)/s during nighttime to 400 kg(N)/s at the
times of maximum convective activity. A first gross extrapo-
lation of the regional LiNOx source gives global LiNOX pro-
duction around 5.7 Tg(N)/year which is within the current es-
timates. The model however tends to overestimate the num-
ber of flash in light of global mean flash rates. Further work
is still needed to reconciliate the global, regional and storm
approaches and provide a way to extrapolate case studies to
global NOy budget.
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