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Abstract. Convective redistribution of ozone and its precursors between the boundary layer

(BL) and the free troposphere (FT) influences photochemistry, in particular in the middle

and upper troposphere (UT). We present a case study of convective transport during the

GABRIEL campaign over the tropical rain forest in Suriname in October 2005. During one

measurement flight the inflow and outflow regions of a cumulonimbus cloud (Cb) have been5

characterized. We identified a distinct layer between 9 and 11 km altitude with enhanced

mixing ratios ofCO, O3, HOx, acetone and acetonitrile. The elevatedO3 contradicts the

expectation that convective transport brings low ozone air from the boundary layer to the

outflow region. Entrainment of ozone rich air is estimated to account for 62 %(range: 33

- 91 %) of the observedO3. Ozone is enhanced by only 5 - 6 % by photochemical pro-10

duction in the outflow due to enhanced NO from lightning, based on model calculations

using observations including the first reportedHOx measurements over the tropical rainfor-

est. The ”excess” ozone in the outflow is most probably due to direct production by corona

discharge associated with lightning. We deduce a production rate of 5.12×1028 molecules

O3/flash (range: 9.89×1026 - 9.82×1028 moleculesO3/flash), which is at the upper limit15

of the range reported previously.
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1 Introduction

Ozone is an important oxidant and known as a primary gaseous componentof photochem-

ical smog. High concentrations at ground level are harmful to human health, ecosystems

and agriculture whereas the ozone layer in the stratosphere protects life on earth against20

hazardous ultraviolet radiation. In the upper troposphere and lower stratosphere region

(UTLS) ozone changes can contribute relatively strongly to climate changesince ozone is

an important greenhouse gas with a radiative forcing of about 0.35 W m−2 (IPCC, 2007).

Furthermore ozone is a precursor of the hydroxyl radicalOH, which governs the oxidation

power of the atmosphere.25

In general, the downward transport of ozone from the stratosphere (Holton et al., 1995)

and the photochemical production involving volatile organic compounds (VOCs), CO and

NO are sources of tropospheric ozone (Crutzen, 1995; Stevenson et al., 2006). It is well

known that electrical corona discharges produceO3. However, experimental evidence from

field studies is very sparse. It was first postulated by Shlanta and Moore(1972) that dis-30

charges might occur on cloud water droplets or ice particles in highly electrified environ-

ments. Griffing (1977) also linked corona discharges to streamer filaments or the surround-

ing area of lightning channels. Laboratory studies confirm that the production of ozone

in hot lightning channels is negligible (Wang et al., 1998). In contrast, corona discharge

effectively produces ozone, as quantified by Peyrous and Lapeyre(1982) and Simek and35

Clupek (2002). Hill et al. (1988) estimated the production ofNO and ozone as a function

of energy dissipation by corona discharge, yielding a rate of (1.4± 0.7)×1016 molecules

NO per Joule and (4± 2)×1017 moleculesO3 per Joule, respectively. Minschwaner et al.

(2008) suggested a production rate of 1 (0.35 - 1.6)×1027 O3 molecules per flash from bal-

loon measurements in an electrically active thunderstorm in New Mexico, USA.Corona40

discharge in the vicinity of a lightning flash can be an additional regional source of ozone

in convectively active areas. The NO yield from cold discharge (temperature< 3000 K)

in association with lightning or on cloud droplets is lower compared to hot channel light-

ning which was already postulated by Donohoe et al. (1977). In the hot flash channel the

NO yield maximizes at 4000 K (Bhetanabhotla et al., 1985; Martinez and Brandvold, 1996;45

Navarro-Gonźalez et al., 2001). As shown by many theoretical and experimental studies,

hot lightning strokes are a significant global source ofNOx with a production rate of 15 (2

- 40)×1025 NO molecules per flash (Huntrieser et al., 2007, and references therein).

2



The vertical distribution of ozone in the tropical troposphere can typically be described

with a S-shaped profile (Thompson et al., 2003). A 1 D - model, with the ozonemixing50

ratio in the convective outflow treated as a free parameter, reproduces this profile reasonably

well. In this model vertical advection, including downward transport fromthe stratosphere,

convective transport and photochemical production of ozone are considered (Folkins et al.,

2002). This generic ozone profile indicates a local minimum in the remote boundary layer

caused by local ozone destruction under warm, moist and lowNOx conditions (Lelieveld55

and Crutzen, 1994). This leads to ozone mixing ratios of only a few ppbv in the marine

boundary layer (Johnson et al., 1990). In continental regions theO3 mixing ratio typically

varies between about 15 and 30 ppbv (Fortuin and Kelder, 1998; Folkins et al., 2002). At

higher altitudes there is a local maximum in the profile around 6 - 7 km due to reduced ozone

destruction compared to the boundary layer. A second local minimum at around 11 km is60

caused by convective outflow of ozone poor air, which is transported from the boundary

layer to the free troposphere. This influence decreases with increasingaltitude leading to

increasing ozone above the second local minimum.

In continental areas the local minimum at around 11 km is not always present (Folkins

et al., 2002). In the continental boundary layer ozone precursors from local emissions by65

vegetation and anthropogenic pollution can have high concentrations. In convective updrafts

these precursors are transported into the free troposphere.NOx emitted at the surface and

lifted to higher altitudes or directly produced from lightning in cumulonimbus clouds (Cbs)

contributes to photochemicalO3 production. This results in enhanced ozone mixing ratios,

”filling” up the transport related local minimum in ozone mixing ratios in the middle or70

upper troposphere.

During individual events of localized deep convection the atmospheric profile can deviate

from the described average ”background” situation. Dynamical and chemical mechanisms

in association with deep Cb convection can alter the background such that the chemical com-

position of the middle and upper troposphere downwind is affected for days to weeks after75

the events. In the case study presented in this work, the influence of deepconvection in the

tropics on the vertical distribution of ozone is analyzed. We observed meanO3 mixing ra-

tios of (24.6± 10.2) ppbv (median: 18.7 ppbv) in the boundary layer and (55.2± 2.2) ppbv

(median: 55.7 ppbv) in the outflow of an isolated Cb cloud. This unexpected high O3 mix-

ing ratio in the outflow is investigated with respect to the photochemistry and dynamics of80

a thunderstorm cloud.
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Section 2 presents a brief description of the GABRIEL measurement campaign and pro-

vides an overview of the instrumentation and the data set obtained for the evaluation of this

case study. In Section 3, the photochemical ozone production in the convective outflow is

estimated. The dynamical transport of air from the lower troposphere into the sampled out-85

flow region and the role of entrainment is investigated in Section 4 and Section 5 discusses

the excess amount of ozone and the potential sources.

2 GABRIEL 2005

2.1 Mission description

The aircraft measurement campaign GABRIEL 2005 was planned as a follow-up project of90

LBA-CLAIRE 1998, in Suriname, South America, to investigate the atmosphere-biosphere

exchange and its impact on atmospheric chemistry in Amazonia. In 2005 an extended state-

of-the-art scientific payload was used to quantifyOH andHO2 production and destruction

over the tropical rainforest as a function of atmosphere-biosphere interactions and natural

VOC emissions during the long dry season (August to November). The roleof convective95

transport on the vertical distribution of primary and secondary gaseousspecies affecting

tropospheric chemistry and trace gas budgets was a further goal of GABRIEL. The mea-

surement platform was a Learjet 35A operated by theGesellschaft fuer Flugzieldarstellung

(GFD, Hohn, Germany) and based at Johann A. Pengel InternationalAirport at Zanderij

(5◦N, 55◦W). Table 1 shows an overview of the various measured species and the related100

measurement techniques that were applied for the different instruments for the GABRIEL

campaign. Further information of the measured species is reported in Stickleret al. (2007),

Williams et al. (2007), Gebhardt et al. (2008), Eerdekens et al. (2009) and Martinez et al.

(2010).

In 10 measurement flights, of 3 to 3.5 hours each, the troposphere was probed in a region105

between 3.5◦N and 6◦N and between 59◦W and 51◦W (Lelieveld et al., 2008). Exten-

sive measurements over the ocean and the pristine tropical rainforest enabled the study of

atmosphere-biosphere interactions by contrasting these different environments. The flight

patterns were designed to investigate longitudinal and latitudinal trace gas gradients in the

BL and the FT. Identical flight patterns during three different times of the day (morning,110

noon, afternoon) provide data for the identification of diurnal variationsof the measured

species.
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2.2 Meteorological conditions

The location of the Intertropical Convergence Zone (ITCZ) determines toa large extent the

weather in Suriname. During the time of the measurement campaign, the ITCZ waslo-115

calized north of Suriname over the Atlantic and induced south-easterly windsin the lower

troposphere caused by the trade wind circulation. The region was further influenced by an

upper level trough in the southern hemisphere over South America. This induces conver-

gence of air masses in the lower troposphere, whereas in the upper troposphere divergence

prevailed. A tropical wave, which propagated westward a few days earlier, was the reason120

for a very moist lower troposphere. These conditions, and the induced winds, resulted in

a potentially unstable troposphere, favourable for the development of single or multicell

convection on October 12th, the day of the measurement flight consideredhere (GAB 08).

A few isolated convective cells were observed over Suriname in the late afternoon. One of

these single cells was located directly along the flight track. This system was remarkable125

because of its very rapid development within 3 hours.

2.3 Measurement data

The flight track and the time series of different species measured on flightGAB 08 on

October 12th are shown in Figures 1 and 2. The time series data for varioustrace gas

mixing ratios are obtained from a merged data set with a resolution of 30 s. During parts130

of the flight with no convective influence (17:01 - 18:42 UTC, 18:55 - 19:35UTC), no

distinctive features can be identified in the data set, except some peaks at an altitude of

around 3 to 4 km observed for a number of species. These peaks indicate sampling of an air

mass affected by biogenic and/or anthropogenic emissions. Enhanced mixing ratios ofCO,

NO, O3 and acetonitrile suggest that biomass burning is at least partly responsiblefor the135

pollution.

During the intensive operation period (IOP) of the campaign no major biomassburning

events were observed in Suriname or adjacent countries. But plumes of small localized fires

could still produce these biomass burning peaks, which had been observed previously over

Suriname (Williams et al., 2001). Furthermore a layer between 3 and 4 km with enhanced140

mixing ratios ofCO andO3 was identified on 4 out of 10 measurement flights during the

campaign. Above the boundary layer, the so-called trade wind inversion (TWI) leads to an

accumulation of emissions from vegetation and local fires (Browell et al., 1988; Jacob and
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Wofsy, 1988; Krejci et al., 2003, 2005).

BothO3 andOH have lower mixing ratios in the BL compared to the FT during this flight.145

In general the BL represents a sink for these species due to reactions with isoprene and other

VOCs, which lead to destruction ofO3 andOH at lowNOx concentrations (Crutzen et al.,

1985; Lelieveld et al., 2002; Goldstein et al., 2004; Lelieveld et al., 2008).This is different

for other species whose source is at the surface (e.g.,CO, acetone, methanol, isoprene),

which show high mixing ratios in the BL and a decrease with altitude. The high mixing150

ratios result from emissions of these species or their precursors from vegetation and anthro-

pogenic sources followed by the accumulation in the boundary layer duringconvectively

inactive time periods. (Fehsenfeld et al., 1992; Guenther et al., 1995; Kesselmeier and

Staudt, 1999).

The convectively influenced part of this flight was between 18:42 UTC and 18:54 UTC155

during a profile with an ascent to the maximum reachable altitude of 11.6 km and the subse-

quent descent back to Zanderij airport. This profile was obtained in the afternoon (local time

= UTC - 3h) when several distinct convective cells had already formed over Suriname. The

aircraft approached one of the still developing systems located along the flight track from

a south-easterly direction at low altitudes (Fig. 1). The prevailing wind direction on this160

day in the lower troposphere was also from the southeast, hence part ofthe flight track tran-

sects the inflow region of this cumulonimbus cloud. Flying over this system in a northerly

direction, the outflow region was probed. During the ascent almost all species show an

enhancement in mixing ratios starting at an altitude around 9.5 km (Fig. 3). Themixing

ratios stay almost constant (except some small variations) up to 11 km. On a further ascent165

a strong decrease in the mixing ratios was observed. The enhancement ofthe different long

lived, and on the time scales of convective transport, chemically inert tracegases compared

to background values was between 20.2 % (O3) and 38.6 % (CO) (see Table 2).NO was

even enhanced by a factor of two. The background values were determined as a mean of

all data points sampled during a 5 - 7 minute time interval before and after the convective170

event respectively. The level ofCO in the outflow ((116.0± 4.3) ppbv) was only 12 %

less than in the lower troposphere (LT) ((131.7± 10.1) ppbv), the layer between 0.4 and

2.8 km that is capped by the trade wind inversion. Figure 3 shows these comparable mixing

ratios forCO and similar findings are obtained for acetone and acetonitrile, supporting the

assumption of convective transport to the upper troposphere with only little dilution. The175

difference in the mixing ratios in these two altitude regions can therefore be attributed to
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entrainment of air during the convective uplift of the lower tropospheric air.

A biomass burning plume as a cause of the upper level trace gas enhancement can be

excluded because acetonitrile, a distinct tracer for biomass burning, is not significantly en-

hanced (Lobert et al., 1990; Holzinger et al., 1999; Sanhueza et al., 2004).180

The mixing ratios ofO3, NO, OH andHO2 are remarkably high. The strong enhance-

ment inNO is most probably due to lightning activity. The Lightning Imaging Sensor (LIS)

on board the TRMM satellite indicated lightning activity during a flight over the region of

interest exactly during the time interval of the measurement flight. As mentioned inthe in-

troduction, lightning flashes (intra cloud and cloud-to-ground) play a considerable role as a185

source ofNOx (NOx = NO + NO2) in the upper troposphere (Ridley et al., 1996; Pickering

et al., 1998; DeCaria et al., 2000). Especially in the tropics meteorological conditions over

land are conducive for convective activity and thunderstorms. Whereas the elevated mixing

ratios of the radicalsOH andHO2 can be linked to enhanced photochemical activity and the

recycling of these species in a highNO environment in the outflow region of the convective190

system, the unusual high value of ozone needs to be investigated more deeply. One would

expect comparable levels for the mixing ratio in the LT and the outflow, as e.g., observed for

CO and other longer lived species. In Section 3 and 4 we will investigate different processes

that potentially enhance ozone, i.e., photochemical ozone production in the outflow during

the lifetime of the system and dynamical transport of ozone rich air from different parts of195

the troposphere. These processes contribute 35 ppbv to the observedO3 mixing ratio in the

outflow region leading to an excess ozone of 20 ppbv, which will be investigated in Section

5.

3 Net Photochemical ozone production in the outflow

Convection plays a crucial role in the vertical transport of different species from the lower200

to the upper troposphere and is especially important in the tropics. The tropical rainforest

is a significant source region for different species and their emissions are important for the

chemistry in the troposphere (Guenther et al., 1995). With respect to ozone production in

the outflow of a convective system, emissions of ozone precursors become very important.

Volatile organic compounds (VOCs),CO and nitrogen oxides are emitted into the BL and205

transported to the free troposphere by convection within a few hours (Colomb et al., 2006).

At these altitudes, the lifetime of VOCs andNOx is extended (Dickerson et al., 1987; Barth
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et al., 2007). The tropical solar radiation further provides the energy for intense photochem-

istry. Thus in the outflow region, photochemical ozone production can leadto O3 mixing

ratios significantly higher than during background conditions (Pickering et al., 1992a).210

For this study, the net ozone production rate (NOPR) in the sampled outflow of the cu-

mulonimbus cloud is estimated, thus providing information on the contribution of in-situ

photochemical ozone production to the measured mixing ratio. To calculate the net ozone

production, the relevant reactions for ozone production and ozone destruction are consid-

ered. In the troposphere ozone is mainly formed by the reaction ofNO with the hydroperoxy215

radicalHO2 and higher order peroxyradicalsRiO2, while photolysis ofO3 and subsequent

reaction ofO(1D) with H2O as well as reaction ofO3 with OH andHO2 are the major de-

struction pathways. Further sinks of ozone are the reaction with alkenes,e.g., isoprene and

terpenes. The net ozone production rate can be approximated with the following equation

(Thompson et al., 1997), if reactions ofO3 with alkenes are neglected:220

d

dt
[O3] = k1 [HO2] [NO]+

∑

i

ki [RiO2] [NO] (1)

− jO(1D) [O3] [H2O]m

− k2 [OH] [O3]

− k3 [HO2] [O3]

jO(1D) is the photolysis frequency for ozone decomposition from photo dissociation and225

the ki describe the temperature dependent rate coefficients for the differentreactions taken

from Atkinson et al. (2004). Ozone destruction from photolysis in this equation is a combi-

nation of two processes. First, ozone is photolyzed forming reactive oxygenO(1D), which

is converted to atomic oxygenO by quenching. In this study an explicit description of the

quenching with the concentrations of molecular oxygenO2 and molecular nitrogenN2 is230

used.O then reacts immediately withO2 to reform ozone. In this so-called null cycle no

ozone is destroyed. The prefactorm describes the fraction ofO(1D) that reacts withH2O

to formOH radicals, leading to a destruction of ozone since no reformation of ozone ispos-

sible. In the troposphere around 3 - 10 % ofO(1D) reacts withH2O depending on altitude

(Regelin et al., 2013, and references therein).235

With the exception ofRiO2 all relevant species for this estimation were measured. Their

mixing ratios in the outflow air are shown in Table 2. The most prominent speciesof the
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higher order peroxy radicals contributing to ozone production isCH3O2. The contribution

of the conversion ofNO to NO2 throughCH3O2 to the net ozone production amounts to

50 % in the boundary layer and could be reduced to 10 % in the upper troposphere, also240

depending on regional influence (Davis et al., 1996). The mixing ratio ofCH3O2 can be

estimated based on the following assumption. Model simulations by Stickler et al. (2007)

and J̈ockel et al. (2006) showed that the ratio of the production rates ofHO2 andCH3O2

is almost equal to the ratio of their concentrations. We estimated theCH3O2 mixing ratio

from the oxidation of methane using the measuredCH4 andOH mixing ratios.245

Based only on measured species a median net ozone production rate of 0.20 ppbv/h is es-

timated. The mean value amounts to (0.27± 0.13) ppbv/h leading to a range of 0.14 ppbv/h

to 0.40 ppbv/h which accounts for the atmospheric variability of the mixing ratios of these

species implemented in the calculation.

To estimate the contribution of photochemical ozone production to the measuredO3 mix-250

ing ratio in the outflow it is important to consider the life cycle of the convective system, in

particular the time interval during which ozone could be produced before the aircraft crossed

the outflow. Assuming the maximum estimated ozone production rate of 0.40 ppbv/hand a

time interval of around 3 to 3.5 hours for the active phase of the system an ozone production

of only 1.4 ppbv can be estimated. This is around 2.5 % of the observed value, indicating255

that ozone production in the outflow has only a small influence on the build-up of ozone

during the active phase of this Cb cloud.

Photochemical net ozone production (NOP) in convective outflow is limited mainly by

the amount of available NO (Chameides et al., 1992). In a lowNOx environment, up to

a few 100 pptv, the NOP increases with increasingNOx mixing ratios. The formation of260

ozone eventually becomes less efficient in a highNOx environment (Liu et al., 1987; Lin

et al., 1988). In general, ozone production in convective outflow regions vary over a wide

range, from ozone destruction or small net production in remote marine regions (Wang

and Prinn, 2000; Mari et al., 2003) to significant net ozone productionof several tens of

ppbv/d in biomass burning plumes transported into the free troposphere (Roelofs et al.,265

1997; Andreae et al., 2001).

In the literature several studies that address photochemical ozone production in convec-

tive outflow in tropical and midlatitudinal regions can be found. Most studiesare based on

cloud-scale modelling to estimate the ozone production rates, since in-situ measurements

of HOx andROx are in general missing. To compare our results, being exclusively based270
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on experimental data, with literature data, Table 3 lists results from several case studies

in different regions. In Table 3, depending on the availability of the information either a

convective enhancement factor (CEF), which describes the ratio of 24-hour post-convective

ozone production relative to undisturbed or background conditions, ora net 24-hour ozone

production rate is used for comparison.275

Since our measurements were performed over tropical South America, in particular a

comparison with the studies in this area is interesting, showing that our result falls in the

wide range of documented postconvective ozone production in the free troposphere. Our

average value tends to be at the lower end of that range.

In our case photochemistry plays only a minor role in the build up ofO3 mixing ratios280

in the convective outflow. Assuming the upper estimate of the net ozone production rate

of 0.40 ppbv/h, 1 - 2 ppbvO3 is formed during convective activity up to the time of the

measurement. DeCaria et al. (2005) calculated an ozone production of around 2 ppbv during

the lifetime of a thunderstorm cloud (∼ 150 min) over North America in the framework

of a model simulation of an observed thunderstorm during the STERAO-A mission. The285

enhanced ozone production in their study is mainly due to high NO mixing ratios caused

by lightning activity. Furthermore a maximum ozone production of 13 ppbv in thefirst

24 h downstream of the Cb cloud was estimated in the STERAO-A study. Assuming no

further dilution of the outflow air in our case study, a downstream NOP of nearly 5 ppbv/d

would be possible. With a net ozone production calculated to be less than 2 ppbv due to290

photochemistry within the plume, the large enhancement of ozone within the plume cannot

be accounted for by photochemistry alone. We will next examine the role of convective

transport to the ozone enhancement in the outflow region.

4 Convective transport of ozone rich air and the role of entrainment

Vertical transport in isolated convective cells or organized convection inmultiple cells is not295

restricted to air mass displacement from the boundary layer to the upper troposphere, which

is in general one of the main transport pathways (Chatfield and Crutzen, 1984; Pickering

et al., 1996; McGee and van den Heever, 2014). During convective transport, air from

different layers throughout the whole troposphere can be mixed into the updraft region and

lifted to the UT, a process called entrainment, which can contribute a fraction of more than300

50 % to the total mass flux (Dickerson et al., 1987; Fischer et al., 2003). Additionally,
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detrainment is possible, which means that the outflow of air from the updraftregion can

be transported outside the cloud into the troposphere below the cloud top (Lawrence and

Rasch, 2005).

In the present case the vertical profiles of different low-solubility tracers such asCO,305

acetone and acetonitrile (see Fig. 3) clearly indicate vertical transport ofair masses from the

lower troposphere (0.4 - 2.8 km altitude) to the outflow region in the convective updraft. To

characterize the inflow we focus on the region in the lower troposphere between 0.4 - 2.8 km

altitude, and the data points in the lower BL (below 0.4 km) were excluded, sincethey

were collected over coastal areas and are thus not representative for the tropical rainforest.310

The BL is capped by an inversion layer at 3.0 km, which was observed on several flights

during the campaign. This so–called trade wind inversion has been reported in different

studies on tropical regions and is known to act as an effective transport barrier so that trace

species can accumulate in the BL (Schubert et al., 1995; Gouget et al., 1996; Andreae et al.,

2001). The vertical profile ofCO shows a high mixing ratio of (131.7± 10.1) ppbv in the315

lower troposphere and a slightly lower value of (116.0± 4.3) ppbv in the outflow region.

The difference in the observed mixing ratios might be due to entrainment of airduring

vertical transport or mixing with background air in the outflow region. In general observed

O3 mixing ratios in the troposphere below the convective outflow are not high enough to

balance the more than 20 ppbv unaccounted ozone in the outflow. HighestO3 values in the320

background air close to the outflow region and the structure of the verticalprofile of CO

support the assumption that lower tropospheric air is diluted in the upper troposphere after

convective upward transport in the thunderstorm cloud.

By means of a budget of the different insoluble long lived trace gases, the fraction of

air from the different layers contributing to the outflow mixing ratio can be investigated.325

Following Fischer et al. (2003) the mixing ratio of an inert trace gas in the outflow of the

Cb cloud can be described with the following equation:

XOut= a ·XLT +(1−a) ·XEntr (2)

With this equation an ideal situation is investigated, i.e., when mixing involves only two

layers. XOut describes the mixing ratio in the convective outflow and XLT the correspond-330

ing mixing ratio in the lower troposphere (LT). The mixing ratio in the second layer, the

entrainment layer, is denoted by XEntr. The parametera stands for the fraction of air that

enters the updraft region of the Cb from the lower troposphere. It is calculated from Equa-

11



tion (2):

a=
XOut

−XEntr

XLT −XEntr
(3)335

The corresponding factor(1-a) gives the fraction of entrainment into the updraft or out-

flow region. Values fora were calculated from the datapoints in the outflow, where trace

gas mixing ratios exceed background values by 3σ standard deviations.

For the calculation of the fractiona the assumption is made that air in the outflow consists

of lower tropospheric air (0.4 - 2.8 km altitude) and entrained air from outside the cloud at340

the same altitude as the outflow (Fig. 3). From the observed mean mixing ratios in Table 4

usingCO and acetone, the fractiona of (56± 29) % of outflow air originating in the lower

troposphere was calculated. Correspondingly, (44± 29)% of outflow air was entrained

from the upper troposphere. Using these numbers to calculate the outflow mixing ratio of

ozone we obtain with Equation (2) a value of (34.0± 16.0) ppbv. That is (62± 29) % of345

the observed mixing ratio. The range given for each parameter represents the atmospheric

variability of the different species especially in the lower troposphere which is due to the

different emission regimes within the tropical rain forest (see Fig. 1) that were probed.

The measurement uncertainty of the different instruments is much smaller compared to the

variability of these species in the measurement regimes. To account for the variability, we350

additionally calculate the range of the different parameters. Thus the estimated O3 mixing

ratio is between 18.0 ppbv and 50.0 ppbv, which then could explain between 33 % and 91 %

of the observed outflow value.

Taking together the mean contributions from photochemical ozone production in the con-

vective outflow and dynamical transport including entrainment, (65± 29) % of the observed355

O3 value in the convective outflow could be explained, hence there are (35± 29) % of ozone

unaccounted for in the budget. There are different mechanisms and processes including a

more complex chemistry, complex mixing or transport processes or entrainment of ozone

rich air as well as ozone production directly from electrical discharges that can contribute

to the excess ozone. The different processes are considered in the next section.360

5 Missing ozone source

A more complex chemistry can be excluded as an additional ozone source in the convective

outflow. As shown in Section 3, photochemical ozone production tends to betoo slow to
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significantly contribute to the observed outflow value. Also heterogeneouschemistry inside

the thunderstorm cloud is not known to produce significant amounts of ozone.365

Potentially more important is the enhancement ofO3 in the upper troposphere due to

complex mixing or transport processes that were not considered. As mentioned in Section

4 entrainment can play an important role within a convective system. Dickerson et al.

(1987) and Fischer et al. (2003) showed that during strong convection events not exclusively

air masses from the boundary layer are lifted to the upper troposphere oreven into the370

stratosphere. Entrainment from various layers in the troposphere influences the trace gas

mixing ratios in the convective outflow. However, as shown in Fig. 3 there are no regions

in the verticalO3 profile that can lead to a significant enhancement of the outflow mixing

ratio due to entrainment of ozone rich air during upward transport.

Several previous studies discussed downward vertical transport in association with deep375

convection. In our case, downward transport from the stratosphereinto the anvil region as

observed by Wang et al. (1995); Poulida et al. (1996); Stenchikov etal. (1996) and Dye

et al. (2000) can be excluded because the tropopause was situated morethan 3 km above

the cloud top, as derived from temperature and ozone profiles from radio soundings in

Paramaribo (see Fig. 4). Scala et al. (1990) and Salzmann et al. (2004)suggested rear inflow380

in mesoscale convective systems taking place in association with downward transport in the

troposphere. This mechanism and cloud top entrainment (Boatman and Auer, 1983; Blyth

et al., 1988) seem to be potential processes that could mix ozone rich air in the anvil region

from the layer above.

As can be seen in Fig. 5, another isolated thunderstorm with a cloud top height of385

∼ 13 km was located around 100 km south of the investigated Cb for this case study. The

dynamics of this more intensive convective system may have affected the trace gas mixing

ratios in the outflow of the Cb under investigation. The southern Cb cloud top reached up

to a layer with ozone rich air and larger scale subsidence in the vicinity of its updraft core

may lead to a downward transport and subsequent mixing of ozone rich airinto the outflow390

region of the system within the white square.

A strong argument against this additional ozone source is the mixing ratio of the longer

lived species as for exampleCO. The mixing ratio ofCO is expected to decrease with

increasing altitude leading to a decrease of the outflow mixing ratios in cases ofstrong en-

trainment of upper tropospheric ozone rich air. But since there are no measurements in that395

altitude region, we do not have further information onCO and other trace gas mixing ratios
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in the upper troposphere, which makes this mechanism still possible, althoughunlikely.

Detrainment was not included in this idealized argument. The transport of airfrom the

updraft core into the environment in different layers below the outflow region is not ex-

pected to influence the trace gas mixing ratios in the outflow (Lawrence and Rasch, 2005).400

Nevertheless detrainment can influence the chemical composition of the freetroposphere

below the outflow region (Pickering et al., 1992a; Ott et al., 2007).

Another yet poorly quantified mechanism is ozone production directly fromelectrical

discharges associated with lightning. Laboratory studies indicate possible ozone formation

from corona discharges (Levine et al., 1981; Peyrous and Lapeyre, 1982; Simek and Clupek,405

2002). Ozone formation in inlet lines or on the fuselage of aircrafts has been documented

to lead to measurement artefacts (Ridley et al., 2006, and references therein) whereas ex-

perimental evidence for ozone production by electrical discharges in thefree troposphere

is inconclusive. Shlanta and Moore (1972), Winterrath et al. (1999) and Zahn et al. (2002)

suggested direct ozone production from corona discharge to explain the observed enhanced410

mixing ratios in a thunderstorm cloud and convectively active areas, respectively. In these

studies no yield ofO3 molecules per flash is given. A study by Hill et al. (1988) states a

range of 0.2 - 2.0×1027 moleculesO3 per flash whereas Minschwaner et al. (2008) showed

a significant amount of ozone formed by corona discharge in a thunderstorm cloud with an

estimated value of 0.35 - 1.6×1027 moleculesO3 per flash.415

In this study we considered different processes to explain the missing ozone source. None

of these processes can close the gap between the observedO3 mixing ratio in the outflow

and the contribution from photochemical production and convective transport. Hence based

on the assumption that the excess ozone of (19.8± 16.0) ppbv is produced from corona

discharge in the vicinity of lightning flashes we estimate a production rate of molecules420

O3 per flash. If we further assume that the enhancedNO mixing ratios in the convective

outflow also result from lightning, we can compare the ratio of the known values of excess

O3 and enhancedNO with the ratio ofO3 per flash andNO per flash:

O3 [excess]

NO[enhancement]
=

O3/flash

NO/flash
(4)

With the rate of 1.5×1026 moleculesNO/flash being the best estimate proposed by Schu-425

mann and Huntrieser (2007) and with Equation (4) a rate of 5.12×1028 moleculesO3/flash

(median: 8.80×1028 moleculesO3/flash) is estimated. Including the atmospheric variabil-

ity affecting the excess ozone mentioned in Section 4, a range of 4.18×1027 - 9.82×1028
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moleculesO3/flash is calculated. The lower limit of that range is based on the maximum

contribution of dynamical processes (50.0 ppbv) and photochemical production (1.4 ppbv)430

to the observed outflow mixing ratio leading to only 6.9 % of unaccounted ozone. Compared

to known values in the literature, our corresponding lower limit of the value for the rate of

O3/flash is of the same order of magnitude but nevertheless a factor of 5 higher compared to

the values proposed by Minschwaner et al. (2008). Following the maximum contribution of

dynamical processes and using the maximum observedNO value of 231 pptv in the convec-435

tive outflow the contribution of photochemical ozone production enhancesto 3.1 ppbv and

the lower limit for the range of lightningO3 decreases to 9.89×1026 moleculesO3/flash.

6 Conclusions

Based on in-situ observations from the airborne field measurement campaign GABRIEL in

2005, including the firstHOx measurements over the tropical rainforest, we investigated440

trace gas budgets in the convective outflow of a mature thunderstorm cloud. The ozone

budget was analyzed in detail by differentiating between photochemical net ozone produc-

tion and dynamical processes to explain the strong enhancement of ozonemixing ratios in

the outflow. The analysis shows that predominantly dynamical, rather than photochemical

processes determine the trace gas mixing ratios in the outflow region during thefirst hours445

of a developing Cb cloud. The fraction of 91 % for the maximum contribution ofconvective

transport of air from the lower troposphere and entrainment of ozone rich air into the out-

flow region in the upper troposphere, respectively, exceeds the maximumfraction of 5.6 %

from net photochemical ozone production (based on 231 pptvNO) by at least a factor of

16. The contribution of photochemical net ozone production increases when the evolution450

of the mixing ratio downstream of the system is considered during the first 24hours after the

development. Assuming no further entrainment into the outflow, approximately 5- 11 ppbv

of O3 can be produced within 24 hours depending on the abundance ofNO.

Even by considering the upper part of the uncertainty range of the estimated dynam-

ical transport and photochemical ozone production their integral cannot close the ozone455

budget in the outflow. Different processes to explain the excess ozonehave been consid-

ered. Whereas an additional photochemical source of ozone can be precluded on the short

timescales of Cb development, unknown mixing and transport processes could not be fully

excluded, although they seem rather unlikely. Consequently, ozone formation in corona
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discharges appears to be the most probable source ofO3. This case study therefore corrob-460

orates that ozone from corona discharge associated with lightning strikesis not negligible

and is perhaps a larger source than previously assumed. To better quantify the range of

the rate ofO3 per flash and to estimate the global influence of this ozone source additional

measurements in electrified thunderstorm clouds are necessary.
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HOx measurements in the summertime upper troposphere over Europe: a comparison of ob-

servations to a box model and a 3-D model, Atmos. Chem. Phys.,13, 10 703–10 720, doi:

10.5194/acp-13-10703-2013, 2013.695

Ridley, B. A., Dye, J. E., Walega, J. G., Zheng, J., Grahek, F.E., and Rison, W.: On the production

of active nitrogen by thunderstorms over New Mexico, J. Geophys. Res.-Atmos., 101, 20 985–

21 005, doi:10.1029/96JD01706, 1996.

Ridley, B. A., Avery, M. A., Plant, J. V., Vay, S. A., Montzka,D. D., Weinheimer, A. J., Knapp, D. J.,

Dye, J. E., and Richard, E. C.: Sampling of Chemical Constituents in Electrically Active Convec-700

tive Systems: Results and Cautions, J. Atmos. Chem., 54, 1–20, doi:10.1007/s10874-005-9007-5,

2006.

Roelofs, G. J., Lelieveld, J., Smit, H. G. J., and Kley, D.: Ozone production and transports in

the tropical Atlantic region during the biomass burning season, J. Geophys. Res.-Atmos., 102,

10 637–10 651, doi:10.1029/97JD00400, 1997.705

Salzmann, M., Lawrence, M. G., Phillips, V. T. J., and Donner, L. J.: Modelling tracer transport by

a cumulus ensemble: lateral boundary conditions and large-scale ascent, Atmos. Chem. Phys., 4,

1797–1811, doi:10.5194/acp-4-1797-2004, 2004.

Sanhueza, E., Holzinger, R., Kleiss, B., Donoso, L., and Crutzen, P. J.: New insights in the global cy-

cle of acetonitrile: release from the ocean and dry deposition in the tropical savanna of Venezuela,710

Atmos. Chem. Phys., 4, 275–280, doi:10.5194/acp-4-275-2004, 2004.

Scala, J. R., Garstang, M., Tao, W. K., Pickering, K. E., Thompson, A. M., Simpson, J., Kirchhoff,

V., Browell, E. V., Sachse, G. W., Torres, A. L., Gregory, G. L., Rasmussen, R. A., and Khalil,

M. A. K.: Cloud Draft Structure and Trace Gas Transport, J. Geophys. Res.-Atmos., 95, 17 015–

17 030, doi:10.1029/JD095iD10p17015, 1990.715

Schubert, W. H., Ciesielski, P. E., Lu, C. G., and Johnson, R.H.: Dynamical Adjustment of the

Trade-Wind Inversion Layer, J. Atmos. Sci., 52, 2941–2952,doi:10.1175/1520-0469, 1995.

Schultz, M. G., Jacob, D. J., Wang, Y. H., Logan, J. A., Atlas,E. L., Blake, D. R., Blake, N. J., Brad-

shaw, J. D., Browell, E. V., Fenn, M. A., Flocke, F., Gregory,G. L., Heikes, B. G., Sachse, G. W.,

Sandholm, S. T., Shetter, R. E., Singh, H. B., and Talbot, R. W.: On the origin of tropospheric720

ozone andNOx over the tropical South Pacific, J. Geophys. Res.-Atmos., 104, 5829–5843, 1999.

Schumann, U. and Huntrieser, H.: The global lightning-induced nitrogen oxides source, Atmos.

Chem. Phys., 7, 3823–3907, doi:10.5194/acp-7-3823-2007,2007.

Shlanta, A. and Moore, C. B.: Ozone and Point Discharge Measurements under Thunderclouds, J.

Geophys. Res., 77, 4500–4510, doi:10.1029/JC077i024p04500, 1972.725

Simek, M. and Clupek, M.: Efficiency of ozone production by pulsed positive corona discharge in

23



synthetic air, J. Phys. D Appl. Phys., 35, 1171–1175, 2002.

Stenchikov, G., Dickerson, R., Pickering, K., Ellis, W., Doddridge, B., Kondragunta, S., Poulida,

O., Scala, J., and Tao, W. K.: Stratosphere-troposphere exchange in a midlatitude mesoscale

convective complex, 2. Numerical simulations, J. Geophys.Res.-Atmos., 101, 6837–6851, doi:730

10.1029/95JD02468, 1996.

Stevenson, D., Dentener, F., Schultz, M., Ellingsen, K., van Noije, T., Wild, O., Zeng, G., Amann,

M., Atherton, C., Bell, N., Bergmann, D., Bey, I., Butler, T., Cofala, J., Collins, W., Derwent, R.,

Doherty, R., Drevet, J., Eskes, H., Fiore, A., Gauss, M., Hauglustaine, D., Horowitz, L., Isaksen,

I., Krol, M., Lamarque, J., Lawrence, M., Montanaro, V., Muller, J., Pitari, G., Prather, M., Pyle,735

J., Rast, S., Rodriguez, J., Sanderson, M., Savage, N., Shindell, D., Strahan, S., Sudo, K., and

Szopa, S.: Multimodel ensemble simulations of present-dayand near-future tropospheric ozone,

J. Geophys. Res.-Atmos., 111, doi:10.1029/2005JD006338,2006.

Stickler, A., Fischer, H., Bozem, H., Gurk, C., Schiller, C., Martinez-Harder, M., Kubistin, D.,

Harder, H., Williams, J., Eerdekens, G., Yassaa, N., Ganzeveld, L., Sander, R., and Lelieveld,740

J.: Chemistry, transport and dry deposition of trace gases in the boundary layer over the tropical

Atlantic Ocean and the Guyanas during the GABRIEL field campaign, Atmos. Chem. Phys., 7,

3933–3956, doi:10.5194/acp-7-3933-2007, 2007.

Thompson, A. M., Tao, W. K., Pickering, K. E., Scala, J. R., and Simpson, J.: Tropical Deep

Convection and Ozone Formation, Bull. Amer. Meteorol. Soc., 78, 1043–1054, 1997.745

Thompson, A. M., Witte, J. C., Oltmans, S. J., Schmidlin, F. J., Logan, J. A., Fujiwara, M., Kirchhoff,

V. W. J. H., Posny, F., Coetzee, G. J. R., Hoegger, B., Kawakami, S., Ogawa, T., Fortuin, J.

P. F., and Kelder, H. M.: Southern Hemisphere Additional Ozonesondes (SHADOZ) 1998-2000

tropical ozone climatology. 2. Tropospheric variability and the zonal wave-one, J. Geophys. Res.-

Atmos., 108, PEM13–1–PEM13–21, doi:10.1029/2002jd002241, 2003.750

Wang, C. and Prinn, R. G.: On the roles of deep convective clouds in tropospheric chemistry, J.

Geophys. Res.-Atmos., 105, 22 269–22 297, doi:10.1029/2000JD900263, 2000.

Wang, C., Crutzen, P. J., Ramanathan, V., and Williams, S. F.: The role of a deep convective storm

over the tropical Pacific Ocean in the redistribution of atmospheric chemical species, J. Geophys.

Res.-Atmos., 100, 11 509–11 516, doi:10.1029/95JD01173, 1995.755

Wang, Y., DeSilva, A. W., Goldenbaum, G. C., and Dickerson, R. R.: Nitric oxide production by

simulated lightning: Dependence on current, energy, and pressure, J. Geophys. Res.-Atmos., 103,

19 149–19 159, doi:10.1029/98JD01356, 1998.

Williams, J., Fischer, H., Hoor, P., Poeschl, U., Crutzen, P., Andreae, M., and Lelieveld, J.: The

influence of the tropical rainforest on atmosphericCO andCO2 as measured by aircraft over760

Surinam, South America, Chemosphere Global Change Sci, 3, 157 – 170, 2001.

Williams, J., Yassaa, N., Bartenbach, S., and Lelieveld, J.: Mirror image hydrocarbons from Tropical

and Boreal forests, Atmos. Chem. Phys., 7, 973–980, doi:10.5194/acp-7-973-2007, 2007.

24



Winterrath, T., Kurosu, T. P., Richter, A., and Burrows, J. P.: EnhancedO3 andNO2 in thun-

derstorm clouds: Convection or production?, Geophys. Res.Lett., 26, 1291–1294, doi:10.1029/765

1999GL900243, 1999.

Zahn, A., Brenninkmeijer, C. A. M., Crutzen, P. J., Parrish,D. D., Sueper, D., Heinrich, G., Gusten,

H., Fischer, H., Hermann, M., and Heintzenberg, J.: Electrical discharge source for tropospheric

“ozone-rich transients”, J. Geophys. Res.-Atmos., 107, doi:10.1029/2002JD002345, 2002.

25



Table 1. Compendium of the measured species during the GABRIEL campaign.

Species Measurement technique

NO, NO2, O3 Chemiluminescence detector (CLD)

JNO2 Filterradiometer

CO, HCHO Quantum Cascade Laser Absorption Spectrometer

(QCLAS)

H2O2, ROOH Dual enzyme fluorescence

OH, HO2 Laser-Induced Fluorescence (LIF)

CO2, H2O Non dispersive infrared absorption detector

VOC, NMHC + OVOC (se-

lected masses)

Proton Transfer Reaction Mass Spectrometer

NMHC Gas Chromatography and Mass Spectrometry

(Canister and Cartridge samples)

T, p, RH Standard techniques

Aircraft position GPS, Avionics
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Table 2. Measured mixing ratios of different species in the outflow ofthe Cb. ForH2O an estimation

of the mixing ratio from earlier GABRIEL flights was necessary because of an instrument failure

during this flight.

Species Mixing ratio

Outflow Background Enhancement [%]

Median Mean Median Mean Median Mean

O3 [ppbv] 55.7 55.2± 2.2 46.2 46.0± 3.9 20.5 20.2

CO [ppbv] 117.4 116.0± 4.3 83.5 83.7± 1.5 40.6 38.6

Acetone [ppbv] 0.78 0.78± 0.05 0.57 0.57± 0.07 37.9 37.6

Acetonitrile [ppbv] 0.24 0.25± 0.03 0.18 0.20± 0.04 32.5 24.7

Methanol [ppbv] 1.3 1.4± 0.3 0.6 0.6± 0.2 117.3 115.6

NO [pptv] 75 87± 45 32 29± 17 131.7 197.8

OH [pptv] 0.51 0.53± 0.13 0.30 0.31± 0.04 69.6 69.6

HO2 [pptv] 11.1 10.8± 1.3 9.4 9.6± 1.1 19.0 11.9

H2O [ppmv] NA 270± 20 NA 270± 20 NA NA
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Table 3. Convective ozone production enhancement (adopted and modified from Pickering et al.

(1992a)).

StudyDescription Mid and Upper Tropo-

sphere outflow CEF

OPR [ppbv/d]

Tropical regions

1 ABLE 2A, Aug. 3, 1985; OPR: -→ + 0.2

Pickering et al. (1991)

2 ABLE 2A storm, savanna burning; 53 7.4

Pickering et al. (1992b)

3 ABLE 2A storm, forest burning; 59 8.5

Pickering et al. (1992b)

4 ABLE 2B, May 6, 1987; ∼ 1

Scala et al. (1990)

5 STEP/EMEX, Feb. 2, 1987; < 1 < 1

Pickering et al. (1993)

6 ABLE 2B, April 26, 1987;

Pickering et al. (1992a)

rural air 2.5 1.5 - 1.7

urban air 35 16.5 - 17.2

7 Indonesia, BIBLE-A, Oct. , 1998; 1.8

Kita et al. (2003)

8 South Atlantic, TRACE-A, 26.-27. Sept,

1992;

3 - 3.5

Thompson et al. (1997)

9 Pacific, PEM-Tropics, Oct., 1992; 1 - 1.5

Schultz et al. (1999)

10 Western Pacific, BIBLE-C, Dec., 2000; 3.7 / 2.9 1.95 / 1.52

Koike et al. (2007)

11 South America, TROCCINOX 2004 and

2005;

indication for strong ozone production

Huntrieser et al. (2007)

12 this study; median (range)

GABRIEL , Oct. 12, 2005 3.6 2.40 (1.68 - 4.80)
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Table 3. continued

Midlatitudinal regions

13 Oklahoma, PRESTORM, June 15, 1985; 4 ∼ 15

Pickering et al. (1990)

14 Oklahoma, PRESTORM, June 10, 1985;

Pickering et al. (1992a)

rural air 2.5 5.7 - 6.2

urban air 3.9 9.4 - 9.9

15 North America, STERAO-A, July 12,

1996;

10 - 13

DeCaria et al. (2005)

16 Central Europe, EULINOX, July 21, 1998 1.5 (cloud outflow)

Ott et al. (2007) max: 5 (at 5.5 km

asl)

17 HOOVER II, July 17, 2007; median

(range)

6.5 22.68 (19.44 - 26.16)

Bozem (2010)

Table 4. Average mixing ratios and associated standard deviation ofdifferent trace gases in the

considered layers.

Layer CO Acetone Acetonitrile Ozone

[ppbv] [ppbv] [ppbv] [ppbv]

Lower troposphere (0.4 - 2.8 km) 131.7± 10.1 1.05± 0.13 0.24± 0.04 24.6± 10.2

Entrainment 83.7± 1.5 0.57± 0.07 0.20± 0.04 46.0± 3.9

Outflow 116.0± 4.3 0.78± 0.05 0.25± 0.03 55.2± 2.2
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Fig. 1. ”GOES-12 Regional View” satellite image on October 12th, 2005, 19:15 UTC. The operation

area of the Learjet 35A during the GABRIEL campaign is indicated with the black rectangle. On

the flight track the altitude (a) and the measuredCO (b) on flight GAB 08 are colour coded.
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Fig. 2. Time series of different species during flight GAB 08. The reddotted lines mark the time

interval, where samples were taken in the outflow region of the cumulonimbus cell. The interval

spans about 10 minutes.
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Fig. 3. Vertical profiles of different species on measurement flightGAB 08. This plot includes data

only from the ascent (reddish coloured data points) and descent (blue coloured data points) at the

end of that flight. The red marked height interval characterizes the outflow region, whereas in green

the source region in the lower troposphere for convectivelylifted air masses is highlighted.
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Fig. 4. Ozone radio sounding data from the SHADOZ network station inParamaribo, Suriname.

The plot shows vertical profiles including sounding data from October 13th, 2005 (black line) and

Learjet 35A measurement data from October 12th, 2005. The green dotted lines mark the height

interval with enhanced O3 mixing ratios.
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Fig. 5. GOES-12 infrared channel satellite image of the GABRIEL observation area from October

12th, 18:45 UTC. The cloud top height is colour coded as described in the table above the image.

The white square marks the investigated isolated thunderstorm cloud.
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