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Abstract. During the SCOUT-O3/ACTIVE field phase in NOy (LNOy) in the well-developed Hector system was esti-
November-December 2005, airborne in situ measurementmated to 0.6-0.7 kg(N)g. The highest average stroke rate
were performed inside and in the vicinity of thunderstorms of the probed thunderstorms was observed in the Hector sys-
over northern Australia with several research aircraft (Ger-tem with 0.2 strokess' (here only strokes with peak currents
manFalcon Russian M555eophysicaand BritishDornier- >10 KA contributing to LNQ were considered). The LNO
228). Here a case study from 19 November is presented irmass flux and the stroke rate were combined to estimate the
detail on the basis of airborne trace gas measurements (NQNOyx production rate in the different thunderstorm types.
NOy, CO, &) and stroke measurements from the GermanFor a better comparison with other studies, LINET strokes
LIghtning Location NETwork (LINET), set up in the vicinity were scaled with Lightning Imaging Sensor (LIS) flashes.
of Darwin during the field campaign. The anvil outflow from The LNOy production rate per LIS flash was estimated to
three different types of thunderstorms was probed by the Fal4.1-4.8 kg(N) for the well-developed Hector system, and to
con aircraft: (1) a continental thunderstorm developing in5.4 and 1.7 kg(N) for the continental thunderstorms devel-
a tropical airmass near Darwin, (2) a mesoscale convectiveping in subtropical and tropical airmasses, respectively. If
system (MCS), known as Hector, developing within the trop-we assume, that these different types of thunderstorms are
ical maritime continent (Tiwi Islands), and (3) a continental typical thunderstorms globally (LIS flash ratet4 s 1), the
thunderstorm developing in a subtropical airmas2)0km  annual global LN production rate based on Hector would
south of Darwin. For the first time detailed measurementsbe ~5.7-6.6 Tg(N) al and based on the continental thun-
of NO were performed in the Hector outflow. The highest derstorms developing in subtropical and tropical airmasses
NO mixing ratios were observed in Hector with peaks up to~7.6 and~2.4 Tg(N) a1, respectively. The latter thunder-
7nmolmol! in the main anvil outflow at~11.5-12.5km  storm type produced much less LN@er flash compared
altitude. The mean NO(=NO+NG,) mixing ratios during to the subtropical and Hector thunderstorms, which may be
these penetrations-(L00 km width) varied between 2.2 and caused by the shorter mean flash component length observed
2.5nmolmotl. The NQ, contribution from the boundary in this storm. Itis suggested that the vertical wind shear influ-
layer (BL), transported upward with the convection, to total ences the horizontal extension of the charged layers, which
anvil-NOx was found to be minor<€10%). On the basis of seems to play an important role for the flash lengths that may
Falcon measurements, the mass flux of lightning-produceabriginate. In addition, the horizontal dimension of the anvil
outflow and the cell organisation within the thunderstorm
system are probably important parameters influencing flash

Correspondence td:l. Huntrieser length and hence LNQproduction per flash.
BY (heidi.huntrieser@dlr.de)
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Table 1. Past field campaigns in the Darwin area relevant for the present study.

Field Campaign Season Date Focus Results relevant for tiRsferences

study
STEP monsoon Jan.-Feb. 1987 Stratosphere-tropospheréHighly variable NOy mix- Danielsen, 1993; Murphy
“Stratosphere-Troposphere exchange ing ratios were observed in etal., 1993; Pickering et al.,
Exchange Project” the UT and attributed to the 1993; Russell et al., 1993

production by lightning.
ITEX pre-monsoon/monsoon  Nov.-Dec. 1988 Physical and numeri¢alst studies focusing on Keenan et al., 1989; Skin-
“Island Thunderstorm Ex- studies on the generation Hector. ner and Tapper, 1994
periment” and evolution of tropical

island convection

DUNDEE pre-monsoon/monsoon  1988/89/90 Dynamical/electrical proparge contrast in flash Petersen and Rutledge,
“Down Under Doppler and erties in tropical continen- rates between land (up t01992; Rutledge et al.,
Electricity Experiment” tal and maritime storms 20-50 flashes mint) and  1992; Williams et al., 1992

ocean systems caused by
differences in the relative
amounts of liquid and ice
phase condensate in the
mixed-phase region of the

storms.
MCTEX pre-monsoon Nov.-Dec. 1995 Cloud electrification probeveloping stage of Hec- Carbone et al., 2000;
“Maritime Continent Thun- cesses in Hector by polari- tor dominated by warm Carey and Rutledge, 2000;
derstorm Experiment” metric radar and lightning rain processes and matureKeenan et al., 2000; Saito
measurements (merged) Hector dominated et al., 2001; Takahashi and

by mixed-phase precipita- Keenan, 2004
tion processes.

EMERALD-2 pre-monsoon Nov. 2002 Nature of cirrus cloudddector outflow extended Whiteway et al., 2004
“Egrett Microphysics Ex- from Hector outflow hundreds of km horizon-
periment with Radiation, tally and vertically between
Lidar, and Dynamics in the 12.2 and 15.8 km.
Tropics”
1 Introduction European groups in the tropics to investigate LINSchu-

mann et al., 2004; Huntrieser et al., 2007; SHO7; Huntrieser
Thunderstorms and lightning are not only spectacularet al., 2008). In the years 2005 and 2006, the “Stratospheric-
weather phenomena but also have an important influence oQlimate Links with Emphasis on the Upper Troposphere
the chemical composition of the atmosphere (Dickerson etaind Lower Stratosphere” (SCOUT-O3) and “Aerosol and
al., 1987). Most studies indicate that production by light- Chemical Transport in Deep Convection” (ACTIVE) cam-
ning is the dominating source of NOn the upper tropo-  paigns in Australia and the “African Monsoon Multidisci-
sphere (UT), besides aircraft emissions and downward transplinary Analyses” (AMMA) campaign in Africa followed
port of NO-rich air from the stratosphere, at least globally. (Redelsperger et al., 2006; Allen et al., 2008; Mari et al.,
Here just a brief introduction to LNQis given, since de- 2008; Vaughan et al., 2008; Brunner et al., 2009). More
tails can be found in a recent review article by Schumann andecently in 2007, American groups conducted the “Tropical
Huntrieser (2007) (=SHO7). We found that the best estimateComposition, Cloud, and Climate Coupling” (TC4) experi-
for the global LNG source strength was43 Tg(N)a L. ment from Costa Rica (Bucsela et al., 2009). As a result of
Compared to the major emission sources in the BL from fos-these campaigns, some of the most important global centres
sil fuel combustion and biomass burning, LN@ontributes  of tropical lightning activity have now been investigated in
with only 10% to the total N@emissions. Due to the longer detail.
lifetime of NOy in the UT compared to the BL, LNOhas a

disproportionately large influence on the photochemical pro- Itn dth'_s p?ﬁersvg:%%rfgg;t Ang:‘-.rzla\s/térements_ of L‘_Nﬁm?:
duction of the greenhouse gas ozone)(@Crutzen, 1970; out during the ) campaigns in northern

Chameides and Walker, 1973; Cooper et al., 2006) Australia. In the past, a larger number of field campaigns
’ ' v’ ' (partly airborne) were conducted in the Darwin area to in-

vestigate tropical deep convection in general. The cam-
paigns and results relevant to the present study have been
summarised in Table 1. Further important results concerning
r]_NOX in the Darwin area are discussed below.

Even though the majority of lightning is observed over
the continents in the tropics (Christian et al., 2003), stud-
ies on LNQ, have mainly been performed in midlatitude re-
gions (Europe and United States). Up to recently, studies i
the tropics were rare (SHO7). The field experiment “Trop-
ical Convection, Cirrus and Nitrogen Oxides Experiment” The “Biomass Burning and Lightning Experiment”
(TROCCINOX) conducted during 2004 and 2005 in Brazil (BIBLE-C), carried out in December 2000, was the first air-
was the first in a series of airborne campaigns carried out byraft experiment designed to estimate LiN@oduction rates

Atmos. Chem. Phys., 9, 8378412 2009 www.atmos-chem-phys.net/9/8377/2009/
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Fig. 1. Photo time series showing the development of the well-known “Hector” thunderstorm over the Tiwi Islands north of Darwin on 30
November 2005 during the SCOUT-O3/ACTIVE field phase (all times given are local time=LT). The merging of several single systems is
visible.

in the tropics where lightning occur most frequently (Kondo annual production rate of 2.8 (0.8-14) Tg(N)a May and

et al., 2003; Koike et al., 2007). During two flights near Keenan (2005) and May and Ballinger (2007) used radar
Darwin, enhanced NQand NQ, mixing ratios of up to 1.0— information to investigate the differences between thunder-
1.6 nmol mot ! (=ppbv) and 1.5-2.0 nmol mot (10-s aver-  storms developing in monsoon and break regimes. The
age), respectively, were observed in the UT. Between 11.3atter were the most intense, produced a lot of lightning
and 14 km altitude the average N@ixing ratio was 0.2— and sometimes even hail, and reached higher altitudes for
0.3nmolmott. The enhancements in NQvere attributed a given reflectivity threshold. In contrast, monsoon cells
to intensive lightning events observed several hundred kilo-were weaker (maritime type) and produced less lightning and
metres upstream to the east, abetO to 14 h earlier. twas more precipitation, especially of stratiform type. Kuleshov
pointed out, that the wide domain with enhancedd\axing et al. (2006) used lightning data from a ground-based de-
ratios 0.1 nmolmot 1) covering~500x 150 kn? was un-  tection system and from LIS and the Optical Transient De-
usual for the tropics. It was suggest that LNad a signifi-  tector (OTD) to study the spatial distribution and frequency
cant influence on UT-NQ Lightning data from the ground- of lightning activity in Australia. In the northern parts of
based “Global Positioning and Tracking System” (GPATS) Australia the total flash rate density is in general high with
and derived column NO production rates were used to esti=10km2yr—1 and the maximum is located at16° N and
mate the NO production rate per flash. For the two flights,126° E (~35km2yr—1). The IC/CG ratio in all parts of
the estimates were 1.9-4.4 and 2149°°NO molecules,  Australia varies between 0.75 and 7.7, with a mean around 2
respectively. These values are near the lower and uppeindependent of latitude.

boundaries of the range of 2—4Q0?>NO molecules per

flash given in the review by SHO7. Here we focus on measurements and results obtained

from the SCOUT-O3/ACTIVE field experiments performed
Furthermore, Beirle et al. (2004) used p€atellite data  from the tropical “top end” of Australia, Darwin{12.4 N,

from the Global Ozone Monitoring Experiment (GOME) and 130.9 E). About 50-100 km north of Darwin over the Tiwi

LIS data over Central Australia to estimate a LN@oduc-  Islands, a very deep convective system develops on a reg-

tion rate per LIS flash. Their estimate of 100 (30-500) mol orular basis known as “Hector” (see Fig. 1 and more de-

1.4 (0.4-7) kg (N) per LIS flash would correspond to a globaltails in Sect. 2). During the SCOUT-O3/ACTIVE field

www.atmos-chem-phys.net/9/8377/2009/ Atmos. Chem. Phys., 9, 8812-2009
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campaigns for the first time the anvil outflow of Darwin archipelago to New Guinea is termed the “Maritime Con-
thunderstorm systems was probed systematically and freshlginent” and the “boiler box” of the tropics (Ramage, 1968;
emitted NO was measured. The general focus of the airHolland and Keenan, 1980). The low-level inflow and high-
borne measurements during SCOUT-O3/ACTIVE was on thelevel outflow in this area drive the meridional Hadley and
chemical composition and transport processes in the tropicadéquatorial Walker circulation and it is one of the primary
tropopause layer (TTL) (e.g. Heyes et al., 2009), howeveregions of global latent heat release (Keenan et al., 1989,
few Falcon flights focused on fresh LN@ Hector (16 and  1990). The fast vertical convective transport of BL air to the
19 November 2005). Recently, Labrador et al. (2009) re-UT within ~1 h may also affect the composition and chem-
ported on airborne measurements in the Hector outflow caristry in the TTL (Dessler, 2002).
ried out during the second phase of the ACTIVE campaign An especially vigorous deep convective system in this
in 2006, where the mean NQOnixing ratios varied between area develops almost on a daily basis during the transition
0.7-1.0 nmol mot?. and monsoon break periods (November—March) in response
In this paper we focus on the SCOUT-O3/ACTIVE case to diurnal heating over the Tiwi Islands north of Darwin.
from 19 November 2005, where a typical Hector system de-This mesoscale convective system (MCS) is locally known
veloped which was investigated in detail with the Germanas “Hector” (Keenan et al., 1989, 1990; Danielsen, 1993).
research aircraft Falcon. The main focus of the present studyhe Tiwi Islands consist of two Islands, Bathurst (west) and
is on LNO, produced by Hector over an isolated tropical is- Melville (east), which are separated by a narrow tidal chan-
land in comparison to other thunderstorm systems over thael, and extend-150 km in east-west ang50 km in north-
mainland, developing in tropical as well as in subtropical south direction. The maximum island height is 1220 m. Due
airmasses. Our results from the previous field experimento its isolated occurrence over these flat islands, Hector is an
TROCCINOKX in Brazil indicate that tropical thunderstorms ideal “atmospheric laboratory” thunderstorm. Numerous nu-
may produce less LNOper flash compared to subtropical merical and observational studies on Hector have therefore
thunderstorms (Huntrieser et al., 2008) (=HHO08). It was sug-been carried out in the past.
gested that these differences are related to the different verti- It is known that thunderstorms in the Darwin area be-
cal shear of horizontal wind. In the investigated tropical air- long to the most intense and deepest convective events on
masses over Brazil, a much lower wind shear was observeéarth, with an especially high frequency of overshooting tops
in comparison to the subtropical airmasses (Huntrieser et alreaching up to 20km (Keenan et al., 1989; Simpson et al.,
2007) (=HHO7). 1993; Wilson et al., 2001; Liu and Zipser, 2005; Zipser et
Here we present further evidence from the SCOUT-al., 2006). During the pre-monsoon period in November—
O3/ACTIVE experiments that support this finding. The set December, Hector systems over the Tiwi Islands are detected
up of the airborne trace gas instrumentation and the lightningon at least 2/3 of the days and the mean lifetime is 2-5h
location network (LINET) during SCOUT-O3/ACTIVE was (Keenan et al., 1990; Beringer et al., 2001). The convection
similar as during TROCCINOX and is described in Sect. 3.develops in an environment with low to moderate shear, mod-
The general meteorological situation and a summary of theerate convective available potential energy (CAPE) and high
19 November flights are given in Sect. 4. The method usednoisture availability. First smaller convective clouds de-
to analyse the measurements is introduced and discussed #glop in late morning along the coastlines of the Tiwi Islands,
more detail in Sect. 5 together with the results. The Fal-strongly influenced by the local sea breeze front (Simpson et
con, Geophysica and LINET measurements are combine@l., 1993; Keenan et al., 1994). However, for the develop-
and scaled with LIS measurements to estimate the L G- ment of the vigorous Hector system later in the afternoon,
duction rate per LIS flash in different types of thunderstormsthe mergingof two or more cloud systems and the resulting
(tropical/subtropical/Hector), and to estimate the global an-explosive growth is of fundamental importance, as shown in
nual LNO, production rate based on these different thunder-Fig. 1.
storm types. The method, which combines the LN@ass Early numerical simulations by Simpson (1980) and Tao
flux rate in the anvil outflow and the LINET stroke rate, and Simpson (1984, 1989) have suggested that the down-
was already introduced and described in a previous papedrafts in convection and the associateald outflowsplay
(HHO8). Finally, reasons for different LNQproduction rates ~ an important role in the merging process. This gust front
found in different thunderstorm types are discussed (Sect. 6)putflow may establish “bridge clouds” between two neigh-
and a summary and conclusions are given (Sect. 7). bouring cumulonimbi (Cbs). These bridge clouds in the
centre of the convergence zone then grow explosively and
may become much more intense and taller than previous
2 Hector Cbs (Fig. 2). One of the reasons for unusual strength of
the Hector system is that it develops over an isolated heat
Deep convective clouds in the tropics are essential forsource, where the interaction between sea breeze fronts from
the maintenance of the Earth’s general circulation. Theall coastlines and gust fronts from previous convection can
area north of Australia extending across the Indonesiarcontribute to convergence (e.g. Crook et al., 2001). When an

Atmos. Chem. Phys., 9, 8378412 2009 www.atmos-chem-phys.net/9/8377/2009/
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evaporatively produced cold pool becomes cooler than the IDEALIZED TYPE-B EVOLUTION
nearby sea breeze front, convection speeds up and displace |2) Breeze-forced convection

the heated island BL even faster than before (Carbone et al.
2000).

Two types of Hector developments have been suggestec
by Carbone et al. (2000): (1) type A (20%), weaker convec-
tion, directly initiated by the collision of inward-penetrating
sea breeze fronts from the north and south, when conditions O 0
are more stable, (2) type B (80%) is much stronger and is
initiated by a multistage (4-5 stages) interaction between see
breeze fronts and gust fronts from earlier convection and de-
velops first near a leeward coast (Fig. 2). The latter find-
ing was confirmed by Beringer et al. (2001) and Brunner
et al. (2009) who typically observed Hector developments
over the eastern (western) end of the island during westerly
(easterly) flow. Many of the strongest Hector systems de-
velop when gust fronts from separate areas over the Bathurs
and Melville Islands collide. During the merging stage, one
or more extended, long-lived MCS are frequently formed
with both convective and stratified cloud areas (Keenan et
al., 2000). Common features of Hector squall lines are radar
echo tops up to 16—17 km, convective region widths extend-
ing 40-50 km, deep anvil depths and an especially high con-
centration of ice crystals compared to maritime convection
(Takahashi and Keenan, 2004). During MCTEX (see Ta-
ble 1) it was observed that in the developing stage of Hec-

tor, premp_natmg convectlve_ cells along island sea breezei_ig. 2. Schematics of an idealised Hector type B evolution over the

Wer(.a dominated by warm rain processes. When the gust fron{'iwi Islands (red) in E-W cross section during the different devel-

forcmg from these storms merged to larger, taller and moreopment stage@—c) In addition in (a) the typical westerly surface

intense MCS over the island (Hector), the new system Wasjoy and easterly shear above is shown. Grey shaded areas indicate

dominated by mixed-phase precipitation processes. BLs and cold pools where the darkness is suggestive of coolness
and precipitation is speckled. The hatched area to the rear of the
mature cold pool in (c) is a recovering island BL after the convec-

3 Instrumentation and data tive interception of the original sea breeze front. The schematics are
not according to scale (adapted from Carbone et al., 2000).

3.1 The SCOUT-O3/ACTIVE campaigns

The coordinated SCOUT-0O3 and ACTIVE field campaigns 2006 during the monsoon period together with the interna-
focused on aerosol and chemical transport in deep convedional “Tropical Warm Pool International Cloud Experiment”
tion and its effect on the composition of the TTL (Allen (TWP-ICE) (May et al., 2008a, 2008b, 2009).
et al.,, 2008; Vaughan et al., 2008; Brunner et al., 2009).
SCOUT-03 Darwin is part of the SCOUT-O3 Integrated 3.2 Airborne instrumentation: Falcon, Geophysica and
Project funded by the European Commissibttp(://www. Dornier-228
ozone-sec.ch.cam.ac.uk/sca®). ACTIVE is a consor-
tium of eight institutions lead by the University of Manch- SCOUT-0O3 used the Russian research aircraft NEs®-
ester and funded by the UK Natural Environment Researclphysicaand the Germairalcon of the Deutsches Zentrum
Council (NERC). fur Luft- und Raumfahrt (DLR) for in situ measurements
The SCOUT-03 field phase was carried out from 16in the anvil outflow region and above. For ACTIVE the
November-5 December 2005 during the so-called pre-Airborne Research Australia’s” (ARA) Grob G52Hgrett
monsoon or transition period and about at the same time aand the UK Natural Environment Research Council (NERC)
the first ACTIVE field phase. The frequent and isolated oc- Dornier-228 performed measurements in the anvil outflow
currence of Hector during this period greatly simplifies flight and inflow region, respectively. However, here we only re-
planning. Furthermore, aircraft can rather easily penetrate oport on measurements from the latter aircraft, since only this
circumnavigate these isolated storms over the Tiwi Islandsaircraft performed a flight on 19 November. The airborne in-
A second ACTIVE field phase was performed in Januarystrumentation used for this study and its accuracy are listed in

www.atmos-chem-phys.net/9/8377/2009/ Atmos. Chem. Phys., 9, 8812-2009
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Table 2. Airborne instrumentation during SCOUT-O3/ACTIVE used for the present study.

Aircraft
(maximum Averaging Horizontal Principal
altitude, km)  Species Technique Time, s Resolution, m  Accuracy Investigator
Dornier-228 CO Aerolaser 1 ~80 +1 nmol moi Alastair Lewis, University
(3.4km) AL5003 of York, UK
Falcon Wind ¢, v, w) Rosemount flow 1 ~200 1mst? horizontal, Andreas Giez, DLR, Germany
(12.5km) angle sensor 0.3mbvertical
Temperature PT100/Rosemount 1 0.5K
Humidity Composite of dewpoint mirror/ 1
capacitive sensor/Lyman Alpha
absorption instrument
NO Chemiluminescence 1 +1 pmol mol1 Hans Schlager, DLR, Germany
NOy 1 +5pmol mol?
J(NOy) Filter radiometry 10% Hans Schlager, DLR, Germany
Condensation ~ CN counter 1 10% Andreas Minikin, DLR, Germany
nuclei
Geophysica @ FOZAN chemiluminescence 1 ~150 +10nmol mot-1 F. Ravegnani, Consiglio
(20 km) Nazionale delle Richerche

(CNR), Bologna, Italy; A.
Ulanovski, CAO, Russia

NO SIOUX chemiluminescence 1 10% Hans Schlager, DLR, Germany
NOy 1 15%
Cco Tunable diode laser spectrometer 4 ~600 9% Silvia Viciani, INOA, Italy

Table 2. The measurements listed below are used to estimatgere used to estimate the contribution of boundary layeg NO
the LNQ, production rate in selected thunderstorm systemsg(BL-NOy) in the anvil outflow.
(see further details in Sect. 5). All three aircraft were equipped with standard meteo-
rological measurement systems to measure position, alti-
tude, temperature, pressure, and in some cases humidity
nd the 3-dimensional wind vecton,(v, w). All flight
Ititude values refer to pressure height and UTC (Univer-
sal Time Coordinated) time. The time difference between
UTC and the Australian Central Standard Time (ACST) in
the SCOUT-O3 observation area (Darwin)-#9.5h (e.g.
16:00 ACST=6:30UTC).

In the present study we mainly concentrate on measure
ments carried out with the Falcon up to 12.5 km altitude. The
aircraft was equipped with instruments to measure NO an
NOy mixing ratios and the photolysis raf§NO,). The in-
strumentation has been used during several DLR field cam
paigns in the past (e.g. Baehr et al., 2003; Huntrieser et al.
2005; HHO7). All instruments are capable of measuring at
high temporal resolution<{1 s) necessary for investigating
the small scale structures in the anvil outflow (Huntrieser et3.3  Meteorological, lightning, satellite and radar data
al., 1998, 2002; MEller et al., 1999). The N®(and NQ,)
mixing ratios are calculated on the basis of the photostafor flight planning during the SCOUT-O3/ACTIVE field
tionary steady state equation from the measurements of NCphases, a variety of model forecasts from the European Cen-
O3, J(NO,), pressure and temperature (Volz-Thomas et al. tre for Medium-Range Weather Forecasts (ECMWF) and the
1996). Since @was not measured on board the Falcon, theBureau of Meteorology’s Extended Limited Area Prediction
vertical Gz profile from the Geophysica aircraft was used System (TXLAPS) were used. For meteorological analyses,
instead. The mean NO/NCOratio at an altitude of 10.0— wind fields based on ECMWF data with a horizontal resolu-
12.5km during the flight on 19 November 2005 wa8.9,  tion of 1°x1° are presented in Sect. 4.2.
indicating that errors in the Nf&estimation have only a small For the observation of lightning, the six-sensors DLR
effect on the NQ estimation in the UT. In addition, NO, lightning location network LINET was installed around Dar-
NOy, CO and @Q measurements up te20 km altitude were  win as described in 8ller et al. (2009). This detection
obtained from the high-flying Geophysica aircraft (Stefanutti system, operating in the very low frequency/low frequency
et al., 2004). The latter two trace gases were used as tra¢VLF/LF) (5—200kHz) range, has been developed by the
ers for the rapid upward transport of BL air by convection. University of Munich and described in detail by Betz et
Both, the Geophysica and Falcon probed the region aroundl. (2004, 2007, 2009), Schmidt et al. (2004, 2005) and
Hector during the selected 19 November mission. The Fal-Schmidt (2007). A brief description was recently given by us
con focused on the anvil outflow region up to 12 km and thein HHO8 and will therefore not be repeated here. Radiation
Geophysica more on the TTL above. In addition, measure-emitted from both IC and CG sources (“strokes”) is detected
ments of CO from the Dornier-228 aircraft on 19 November and the IC emission height is determined. Though these

Atmos. Chem. Phys., 9, 8378412 2009 www.atmos-chem-phys.net/9/8377/2009/
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height values are principally representative for the detected.IS flash. Global LIS flash statistics can then be used to
IC discharges, it must be noted that variations of the signalprovide an estimate of the global strength of the L\tDo-
velocity along the path between stroke and sensor, dependinduction rate.
on the ground conductivity, may cause some reduction of the The cloud development over northern Australia was anal-
given height values (H.-D. Betz, personal communication,ysed by using infrared (IR) and water vapour (WV) images
University of Munich, 2009). The lightning stations were lo- (see Sect. 4.2) from the Multi-functional Transport Satellite-
cated in an area extending froml1.3 N to —13.2N and 1 Replacement (MTSAT-1R) and the Geostationary Mete-
from 130.2 E to 131.8 E. The average distance to the next orological Satellite (GMS-5), respectively, operated by the
closest sensor was90km. Peak currents down to 1-2kA Meteorological Satellite Center (MSC) of the Japanese Me-
were measured in the inner region where the detection efteorological Agency (JMA) Http://mscweb.kishou.go.jp/
ficiency was highest; the so-called LINET centre area cov-MTSAT-1R brightness temperatures (see Minnis et al., 2006)
ering —12.0 to—13.0° N and 130.5 to 131%E. However, were used together with other satellite and meteorological
a decreasing detection efficiency of strokes with low peakdata to derive the cloud-top height (CTH). The method for
currents with increasing distance from the LINET detectionthese calculations (Visible Infrared Solar-Infrared Split Win-
centre has been observed (HHO&lldr et al., 2009). Also  dow Technique=VISST) has been described in detail by Min-
the possibility to discriminate between IC and CG strokesnis et al. (1995). Furthermore, the cloud development was
decreases with increasing distance from the LINET detectioranalysed by using radar reflectivity data obtained from the
centre. Within the centre region, more than 80% of all strokesCPOL radar in Darwin (May et al., 2008b) (see Sect. 5.5).
can be clearly defined as IC or CG strokes. About 100 km
outside the centre region, this fraction decreases down to
30%. At a distance of 200 km from the centre region, no4 Observations during SCOUT-O3/ACTIVE
discrimination between IC and CG strokes is possible any-
more. 4.1 General meteorological situation

The strokes registered by LINET are VLF/LF sources
along a flash. It is however not known, which parts of the The SCOUT-O3 field phase was carried out between mid
flash emit these sources. To obtain some information aboulovember and beginning of December during the pre-
the flash length, a small set of single strokes were thereforénonsoon period, when the intertropical convergence zone
combined to a “flash component”, see Sect. 6.1. A “flash(ITCZ) is located north of Darwin and the main flow is from
component” is defined as a part of the whole flash and isghe SE off the continent. Later in December, the monsoon
composed of several strokes (on average 3, however soméor wet season) starts when the ITCZ moves south of Darwin.
times up to 10) within a certain time periog { s) and within ~ The main flow is then from the WNW from maritime regions.
a small area£35km). The average time period of a flash Holland (1986) defined the monsoon (break-period) in Dar-
component was 0.3s. The distance between the position oin to coincidence with the onset and existence of westerly
the first and last stroke registered within a flash is defined(easterly) flow at 850 hPa. In the pre-monsoon period, con-
as the length of the “flash component”. For the constructionvection in the Darwin area is dominated by isolated vigorous
of flash components only strokes with peak current® kA storms, including the development of Hector MCSs over the
were considered for an unbiased comparison between thunFiwi Islands north of Darwin (Sect. 2). In comparison, dur-
derstorms in the inner and outer LINET detection region (seeng the monsoon period convection is more widespread and
details in HHO8). Since similar LINET arrays were also set less intense.
up in Brazil and Germany in 2005 and in West-Africa in ~ The large-scale tropical circulation in the Australian/Asian
2006, the characteristics of thunderstorms systems in theseegion from November 2005 to April 2006 has been sum-
study regions can now directly be compared to Australianmarised by Shaik and Cleland (2006). A detailed meteo-
systems (t8ller et al., 2009). rological SCOUT-O3/ACTIVE roadmap has recently been

In addition to LINET data, spaceborne measurementggiven by Brunner et al. (2009) and partly also by Allen
from LIS on board the Tropical Rainfall Measurement Mis- et al. (2008, 2009), Vaughan et al. (2008) andller et
sion (TRMM) satellite (Christian et al., 1999; Thomas et al., al. (2009). For this reason just a brief summary is given here.
2000; Boccippio et al., 2002; Christian and Petersen, 2005) During the SCOUT-O3 field phase, highly variable condi-
were used to estimate the total regional flash distributiontions regarding wind direction and velocity in the BL and
(sum of CG and IC flashes) over the SCOUT-O3/ACTIVE free troposphere were present as described by Brunner et
area. For an overview of system characteristics lstye al. (2009). During the first and last part of the campaign,
/lthunder.msfc.nasa.gov/lighd a brief description was al- weak easterly flow dominated at most levels and the ITCZ
ready given by us in HHO8. Here LIS data for three over- (subtropical jet stream) was located far to the north (south)
passes of 14 and 17 November and 20 December 2005 wer Darwin, typical for the pre-monsoon period. Due to
compared with LINET data (see Sect. 5.8). Our LN&3ti-  these weak winds in the UT, the anvils spread in all di-
mates per LINET stroke were scaled to LN6stimates per rections. However, in the middle of the field phase (about
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130 °E 140 °E

-15°N

Fig. 3. WV-image (GMS-5) from 19 November 2005 at 05:33 UTC showing the cloud distribution over northern Australia and Indonesia.
A sharp transition zone between moist (tropical) airmasses in the vicinity of Davilig.4 N, 130.9 E) and further north (blue colours),

and more dry (subtropical) airmasse200-300 km south of Darwin (brown colours) is also clearly visible. Selected thunderstorms probed
by the aircraft are labelled in yellow: “1a” close to Darwin (tropical airmass over continent), “2a” Hector over the Tiwi Islands (tropical
maritime continent), and “3a” further to the south of Darwin (subtropical airmass over continent).

19-27 November) strong westerly winds dominated in thefurther north, and drier airmasses 200—-300 km south of Dar-
free troposphere, though slightly weaker ones dominated irwin is also clearly visible in the WV satellite image from
the BL. This situation was caused by a pronounced Rossb¥5:33UTC (Fig. 3). In this image, also three thunderstorm
wave breaking activity and unusually strong northward un-systems investigated by the aircraft in the different airmasses
dulation of the southern hemispheric subtropical jet streamare highlighted as “1a”, “2a”, and “3a”. Single penetrations
(Allen at al., 2009; Brunner et al., 2009). Due to these strongof these thunderstorms by the Falcon are described later in
westerly winds in the UT, the anvils spread preferably to themore detail and numbered further (e.g_I2asecond pen-

east during this period. etration of thunderstorm 2a). A series of cloud top height
satellite images from 02:33-07:33 UTC indicates the tempo-
4.2 Flight summary of 19 November 2005 ral development of the convection during the mission flights

(Fig. 4a—f). Superimposed are the flight tracks from the Fal-

On the selected day in this study, 19 November 2005, thre€0n and Geophysica aircraft.

aircraft performed measurements over the Tiwi Islands. For Falcon measurements (Fig. 5a—b) indicate that the wind
a brief description of these flights and their overall scope, sedlirection in the BL varied between NW and SW and the
Vaughan et al. (2008) and Brunner et al. (2009). The Dornierwind velocity was week (2—-6 nT$). At the steering level
228 mainly investigated the Hector inflow region over the (~700 hPa), the wind varied between W and SW and was
Tiwi Islands between the BL and up to 3.4km (04:32- still rather weak. In the middle and upper troposphere, the
08:22 UTC). A joint flight was performed with the Falcon main wind direction was from the W. The wind velocity
(03:38-07:34 UTC) and the Geophysica (03:20—-08:07 UTC)increased with altitude to-20ms! at 10-12 km altitude
inthe UT and TTL region, respectively. In addition to the in- about 250 km south of Darwin at the southern turning point,
vestigation of Hector, the latter two aircraft flew long north- which was passed twice (Fig. 4b and e, and Fig. 5a—b at
south transects, as the trajectory forecasts indicated differ~15000 and 25500s). The wind velocity then decreased
ent airmass origins (tropical/subtropical) north and south ofwith increasing latitude to~5ms™t at 10-12km altitude
Darwin (see Fig. 21 by Brunner et al., 2009). This sharpat the northern turning points (Fig. 4c—d, and Fig. 5a—
transition zone between moist airmasses around Darwin ant at ~18 000 and 21500s). Consequently, thunderstorms
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Fig. 4. Hourly maps showing the cloud top height (CTH) distribution based on MTSAT-1R data over northern Australia on 19 November
2005 for the time period 02:33-07:33 UT@-f). Superimposed are the flight tracks from the Falcon (black) and Geophysica (dark pink)
aircraft. The flight track corresponding to the time between image and +1h is bold. Darwin is indicated with “D” and the two Tiwi Islands
are indicated with “M” for Melville (eastern island) and “B” for Bathurst (western island) in (a) in black. Selected thunderstorms probed by
the aircraft are labelled in (c) in black: “1a” close to Darwin, “2a” Hector over the Tiwi Islands, and “3a” further to the south of Darwin.
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0.1 0 .
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elapsed UTC time since midnight /s After take-off, the Falcon and Geophysica aircraft first

headed south to the southern turning point. During the Geo-
Fig. 5. Time series of N®, wind velocity and direction ifa) and ~ physica ascent betweenl3.1° and —13.4 N, the outflow
NO, NOy, CN, and pressure altitude (b) for the Falcon flight on ~ from a convective cell close to Darwin was penetrated at
19 November 2005. Anvil penetrations are labelled in black. ~10-11.5km. On the way back from the southern turning

point, the same outflow labelled “I1awas penetrated by the
developed under largely variable conditions in terms of shearFalcon at 10.7 km (04:36:06—-04:38:09 UTC), see Figs. 5a—b.
which makes this day especially interesting for our studiesBoth aircraft were then directed to the Tiwi Islands, where
concerning LNQ production as mentioned in the introduc- thunderclouds initiated by the sea breeze front along the
tion. The strong horizontal N-S wind velocity gradient in the coastline merged to a Hector system. The outflow was ad-
UT was caused by the presence of the southern hemispherigected to the east, however probably mainly the aged outflow
subtropical jet, which was located unusually close to Darwinfrom the first smaller thunderclouds, labelled “@a(pre-
on the 19 November as mentioned before (Fig. 6). Hector), was penetrated by the Falcon at 10.7 km (04:45:14—

At noon local time (LT) (02:30 UTC), first thunderclouds 04:47:45UTC). In Fig. 5a, a twin peak in the N®nix-

were initiated by the sea breeze front along the southwesting ratio is visible where the penetration of anvil_2ds
ern coastline of the Bathurst Island, and along the north-indicated. For the calculations presented later, only the
western and eastern coastlines of the Melville Island. Thefirst peak was considered since only this one was related to
spatial and temporal distribution of LINET strokes presentedthe anvil labelled as “2avest” in Fig. 7c. The main out-
later in detail in Sect. 5.2 and in Fig. 7c, confirms this devel-flow from Hector was probably located above the Falcon
opment (see “anviPawest” and “anvil2a east” in the fig-  flight level, as discussed in Sect. 5.5. Thereafter, the Fal-
ure). One hour later at 03:30 UTC these clouds had movedon headed further north t69.8> N. About half an hour
inland, but still three separate convective areas were visibléater, when the lightning activity in Hector started to de-
in the satellite image. The lightning activity in the western cay, its outflow was penetrated twice, labelled ‘12and
cell over Bathurst Island peaked around 03:20 UTC. About“2a_ll”, by the Falcon at 11.3 km (05:15:50-05:22:20 UTC)
40 min later, the pre-existing convection and their cold poolsand at 11.5-11.9 km (05:27:14—05:35:50 UTC), respectively,
merged to a large Hector MCS, located over the western andee Figs. 5a—b. Both aircraft then headed to the north-
central part of the Melville Island. Just before 04:20 UTC, ernmost turning point. On the way back, the Falcon air-
lightning activity in Hector peaked. In the next hours the craft penetrated the Hector outflow once more, labelled
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Fig. 7. Spatial and temporal LINET stroke distribution on 19 November 2005 between 00:00 and 08:00 UTC (upper colour scale). The
observed NQ mixing ratio along the Falcon flight path is superimposed (lower colour scale). EnhangethiXing ratios were observed

during the passage of the anvil outflow of thunderstorms with lightning activity labelled “1a”, “2a”, and “aj.ii\ll strokes registered

before the Falcon penetrated the selected thunderstorm systems “1a”, “2a”, and “3a” are col¢uxdd)irand(d), respectively. The white

arrows indicate the direction of the storm motion and the green arrows the main wind direction in the anvil outflow (not scaled according to
velocity). In addition, the positions of the LINET sensors are indicated (diamonds).

“2alll”, at 11.9km (06:24:37-06:32:42 UTC). Before land- 11.0 and 9.5km (07:04:38-07:09:10 UTC). The Geophysica
ing, both aircraft headed to the southern turning point agairaircraft mainly flew above all convective outflow~{7.0—

and the Falcon penetrated a third anvil outflow once, labelledl8.5 km), since it focused more on the region of the cold-

“3a.l”, on the way back to Darwin during descent between point tropopause. The cold point tropopause was located at
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Fig. 7. Continued

~17 km, coinciding with a strong increase in static stability mum and minimum retrieved CTHs are only 15.9 and 4.0 km,
and in the ozone mixing ratio, as discussed later in Sect. 5.5cespectively, since the retrieval algorithm tries to avoid er-
The three regions, where the penetrated anvils on 19 Novenrors associated with thermal inversions at the tropopause and
ber occurred (Darwin, Tiwi Islands and a regier200 km boundary layer. As a result, the maximum CTHs are likely
south of Darwin), are typical regions over northern Australia underestimated in particular for the deep overshooting Hec-
where the average annual flash density is elevated as shownor system. The detailed maps in Fig. 4a—f indicate a similar
in Fig. 3 by Kuleshov et al. (2006). mean CTH for anvil 1a and 3a of 11.3km and 11.4km, re-

For the evaluation of the penetration height in relation to Spectively. For the different penetrations of anvil 2a (Hector)

the cloud top height (CTH), meant¢) and median CTH the mean CTH values were par_tly higher and ranged frqm
he|ght values are listed in Table 3. Note that the maxi_12.7 to 14.1 km. The Falcon a|rcraft penetrated a." a.nV|IS
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downstream, to the east of the cells, whereto the main OutTabIe 3. Cloud top height (CTH) statistics on 19 November 2005
flow was advected. The anvils 1a and 3a were penetrateghirieved from MTSAT-1R brightness temperatures.
about 0.6-1.0km and the well-developed anvil 2a (I-ll1)

about 1.1-1.4km below the mean CTH. These penetrations rjgnt and Selected Area, Entry Time of CTH  CTH,

were performed well within the anvil outflow layer. How-  Anvil °NIPE  Penetration, Meato, Median

ever, the first thunderstorm penetration over the Tiwi Islands _7eetraton ute km  km

(2ax) was performed distinctly below the mean CTH (about }g;rlvcv’ii}a' —igféﬂ;g;’l 04:36 11330 126

3.4km) and probably too low to be representative for the ' '

main outflow. 1911052ax —11.5t0—-12.0/ 04:45 14115 14.4
The NO and NQ mixing ratios were distinctly enhanced ~c**™" 1305101315

by a few nmolmot?! during the anvil penetrations~@0— 1911052al —11.0t0—12.0/ 05:16 12.2.0 13.2

100 km) compared to the background which contained less o _ 130010 135-0 627 12816 133

than 0.1 nmolmat! NO (Fig. 5b). The high ratio of NO 1911052alll do. 06:25 13.0:15 132

to NOy (~0.6-0.8) found in the selected anvils indicates 1611083 40 o150/ 0705 11426 o4
that NO was emitted recently and most likely by lightning,  sup of panwin IEEr e ' = '
as discussed later in Sect. 5. The N@ixing ratios in

the investigated anvils outflows reached a peak value of

7.4nmolmof in Hector (Fig. 5a). For the selected anvil estimated in Sect. 5.4. For the calculation of the horizontal

penetrations, the mean N@nixing ratios were estimated to | NO, mass flux rate, the mean depth of the anvil outflow

~0.5-2.5nmol matt. Coinciding with an increase in NQ  js estimated in Sect. 5.5. The representativeness of the dif-

the wind velocity frequently increased briefly at the anvil ferent anvil penetrations according to the measurements is

edges, but in general decreased inside the anvil outflow comdiscussed in Sect. 5.6. The horizontal LiNMass flux rate

pared to the background. out of the anvils is calculated by means of estimated kNO
Furthermore, in Fig. 5b we also included CN concentra-mixing ratios and horizontal outflow wind velocities from the

tions, since such measurements are rare in anvil outflow reflights combined with the size of the vertical cross-section of

gion. The particle number concentration (€Blnm) was  the anvils (Sect. 5.7). LN©Onitrogen mass flux rates (g%

strongly enhanced in the outflow by a factor 10 (up  and LINET stroke rates (strokes are then combined to

to 10000 particles c? at standard temperature and pres- estimate the production rate of LN@in g of nitrogen mass

sure) compared to the background and the BL, except in ther number of NQ molecules) per LINET stroke and per LIS

aged outflow from anvil 2all. In agreement with our results, flash (Sect. 5.8). Finally, the annual global LN®Gitrogen

Twohy et al. (2002) found that CN concentrations may bemass production raté no, in Tga ! is estimated.

enhanced by more than an order of magnitude within a thun-

derstorm anvil compared to outside. The nucleation of newb.1 Method to estimate the annual global LNQ

particles may be induced by the oxidation of aerosol precur- production rate

sor trace gases transported into the anvil region from the BL ) )

(e.g. Raes et al., 2000), possibly also favoured by reIativeI)J” this sgctlon our method use_d to estimate _the annual_ global

low pre-existing surface area (not measured in this study)-NOx nitrogen mass production rat& no, (in Tg al)is

Due to the lack of further aerosol measurements, our CN obPriefly introduced. For an overview of the different steps, see
servations will not be discussed here in more detail. Fig. 3 in HHO8 (however without FLEXPART simulations).

More details are also given later in this section.
Cloud-model simulations indicate that most LN@ro-
5 Estimate of the LNOy production rate per flash and duced in a thunderstorm is transported into the anvil region
per year (Skamarock et al., 2003; Fehr et al., 2004). If the total LNO
mass in the anvil region (dependent on the LN@ixing
In this section the measurements in the selected anvils ofatio and the volume covered by this Li¥fOand the total
19 November 2005 are discussed in more detail and the redumber of flashes in the thunderstorm that contributed to
sulting annual global LN nitrogen mass production rate this LNOy were known, this could be one possibility to esti-
GLno, is estimated. The values needed for the calcula-mate the LNQ production rate per flash, assuming a constant
tions are estimated according to the equations introducedNOx production per flash.
in Sect. 5.1. First, the spatial and temporal distributions of Here the horizontal LNQ mass fluxFino, (in nitrogen
LINET strokes on 19 November are presented and discussefiass per time, gs) is first calculated from measurements
in Sect. 5.2. These distributions are then used in Sect. 5.89uring each anvil penetration according to Chameides et
to associate the individual anvil-N@nhancements to corre- al. (1987):
sponding LINET strokes and representative stroke frequen- My
cies. The contribution of BL-NQto measured anvil-NQis FiNO, = XLNOy - M Pa(Va—=Vs)-Ax-Az @
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Fig. 8. Time series of LINET stroke rates (colour-coded as in Fig. 7
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where x| no, IS the mean NQ volume mixing ratio pro-
duced by lightning (molmolt), My and M are the mo-

lar masses of nitrogen (14 g md) and air (29 g mot1), re-
spectively,o, is the air density (g m®) calculated from mea-
sured temperature and pressure in the anvil, gpdV; is

the difference between the wind vectors in the anvil outflow
and at the steering level. In general, the wind at the steering
level (~700 hPa) determines the mean motion of a thunder-
storm cell (Keenan and Carbone, 1992), but this parameter is
not available from the airborne measurements since this re-
gion was not probed specifically. Instead, the storm motion
(V) was determined from the spatial LINET stroke evolution
based on horizontal stroke distributions with a high temporal
resolution of 10 min. The last tertix-Az is the area () of

the vertical cross-section perpendicular to the wind direction
in the anvil outflow. The parameters in Eq. (1), except

and Az, were calculated directly from Falcon measurements
by averaging the measured data over the time period when
the anvil was penetrated.

For the estimate of the LNOproduction rateP no, (Ni-
trogen mass per stroke, in g strokg in a thunderstorm, the
horizontal LNQ, mass fluxFino, (9 s 1) is then divided
by the total (IC+CG) contributing LINET stroke raf& neT
(strokes s1) according to HHOS:

_ Finoy

Pinoy =
RyuNeT

x 2

For comparison with other published results, th@o, es-
timates per LINET stroke in Eq. (2) are scaledAqo, es-
timates per LIS flash. Finally, it is multiplied with the num-
ber of LIS flashes occurring globally, 4% flashess! ac-
cording to Christian and Petersen (2005), to achieve the an-
nual global LNQ nitrogen mass production rat& no, (in

Tgal).
5.2 Spatial and temporal LINET stroke distributions

On 19 November, convective cells with lightning developed
in the late morning along the coastlines preferable east of
Darwin and over the Tiwi Islands. In the afternoon, thun-
derstorms also developed along the coastline southwest of
Darwin. The spatial distribution of LINET strokes with peak
currents>1 kA between 00:00 and 08:00 UTC is shown in
Fig. 7a together with the Falcon flight track and measured
NOx mixing ratios. The Hector system over the Tiwi Islands
was the strongest storm development in this area and another

) strong convective system developed00 km south of Dar-

determined for the selected thunderstorm systems on 19 NovemWin. The thunderstorm systems of interest, as described in

ber 2005 labelled “1afa), “2a” (b), and “3a” (c) (only strokes

Sect. 4.2, are labelled 1a, 2a, and 3a, and zoomed in on

with peak currents=10 kA considered). The times when the dif- Fig. 7b—d. All anvil penetrations are characterised by en-
ferent anvil penetrations took place are labelled in red below thehanced NQ mixing ratios close to areas with lightning ac-
time scale.

Atmos. Chem. Phys., 9, 8378412 2009

tivity along the flight track, as indicated in Fig. 7a—d. The
movement of the systems and the wind direction in the anvil
outflow region are indicated with arrows. The latter controls
the transport of LNQ out of the anvils. In the Darwin area
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and over the Tiwi Islands, the thunderstorms moved to themajor fraction of the lightning activity takes place in the up-
east. Further south of Darwin, the systems moved more tger part of the cloud. Previous simulations with an explicit
the north, perpendicular to the UT westerly wind direction. electrical scheme have indicated that most LiNfPoduced
The temporal distributions of LINET stroke rates in the in a thunderstorm is transported into the anvil region (Barthe
selected thunderstorms 1a, 2a, and 3a are presented @&t al., 2007). We also assume that LNfroduced in over-
Fig. 8a—c. For an adequate comparison of the stroke rateshooting cloud tops, as shown later in Sect. 5.5 for the Hec-
in these storms, it was necessary to restrict comparisonor system, descends and is mainly advected out of the cloud
to higher stroke peak currents{0kA). These were ob- in the main anvil outflow located distinctly below the cloud
served with about the same detection efficiency, independertops.
of their location within the LINET network, as mentioned  Here first the mean ambient wind velocity during 4 min
in Sect. 3.3. The storms of 19 November were mainly in before and after the selected anvil penetrations was deter-
a lightning decaying stage during the aircraft passage, asined together with its standard deviatian)( The whole
indicated by the penetration labels in Fig. 8a—c below thelifecycle of the stroke activity until the anvil penetration was
time scale. The highest stroke rates were observed in Heghen divided into 30-min intervals. For each of these inter-
tor around 04:20 UTC with almost 400 strokeslQ kA) per  vals it was determined which of the strokes, located upstream
5 min (Fig. 8b). For comparison, the highest stroke rates ob-of the penetration, could be advected with the mean ambient
served during TROCCINOX in a subtropical and in tropi- wind velocity +¢ to the location of the penetration. The
cal thunderstorms (HHO08) are superimposed w80 and  mean ambient wind velocitiestg), the temporal and spa-
40 strokes per 5 min, respectively. These latter values are digial window of considered strokes, the possible number of
tinctly lower (factor~5-10) compared to Hector stroke rates. strokes contributing to the estimated LN®nhancement in
The stroke rates in the other SCOUT-O3 thunderstorms 1dhe anvil outflow, the mean stroke rates, peak currents and
and 3a reached up to 180 and 150 strokes per 5 min, respestroke heights for the selected thunderstorm penetrations are
tively (Fig. 8a and c). The lightning activity in the Hector listed in Table 4 and partly divided into two data sets: (1) all
MCS system lasted long, from 02:00-06:00 UTC. In com- peak currents-1 kA and (2) only peak currents10 kKA.
parison, in the single cell thunderstorm la it lasted ovilyh. The advection of LINET strokes with the mean ambient
During the lifetime of thunderstorm complex 3a, several newwind is probably faster than in reality, since the time for the
cells developed east of the decaying cells (multicell organi-vertical transport in the cloud was not considered and the hor-
sation). The average lifetime of the lightning activity in one izontal wind velocity in the anvil itself is on average lower
cell was~1h, but for the whole thunderstorm complex 3a than outside (compare mean ambient wind velocities in Ta-
the activity spread over at least 4 h (04:00-08:00 UTC). ble 4 with the wind velocities during the single anvil pene-
For comparison with other values of the total flash trations in Fig. 5a). Therefore, the advection with the mean
rate in this area, the high stroke rate observed in Hec-ambient wind must be considered as an upper limit for the
tor ~400 strokes ¥10kA) per 5min was converted into transport velocity. The mean ambient wind velocities var-
flashes minl. On average 2—3 strokes per LINET flash were ied between 9 and 12n$ for anvil 1a and 2a. In com-
observed, which give 27-40 flashes min These values are  parison, the wind velocity was distinctly higher for anvil 3a
well within the range of 20-50 flashes mihobserved in the ~ with 18 m s~ located closer to the subtropical jet. However,
past during the DUNDEE experiment (Rutledge et al., 1992).for the latter thunderstorm, the mean stroke rate (if all peak
currents are considered) was lowest of all selected thunder-
5.3 Contribution from observed LINET strokes to mea- storms. This is partly caused by the decreasing detection effi-
sured anvil-NOy and resulting stroke rates ciency of strokes with low peak currents with increasing dis-
tance from the LINET detection centre. The elevated mean
For the estimate of the LNQproduction rate per stroke, and minimum peak current values of 11.0 and 3.4 KA, re-
it is important to know which of the registered LINET spectively (all peak currents considered), for thunderstorm
strokes contributed to the estimated LiN&nhancement in  3a compared to the other selected thunderstorms also indi-
the anvil outflow. This is a very difficult task which might cate that the detection efficiency was reduced.
be best performed by using cloud-scale modelling. For sev- The mean height of IC strokes was 10.8-11.1 km for the
eral TROCCINOX and SCOUT-O3/ACTIVE cases cloud- first convective systems (1la and_2nthat developed on 19
resolving model simulations are in preparation, but not readyNovember. In the well-developed Hector system_[2H)
yet (K. Pickering, personal communication, NASA Goddard, the mean IC stroke height was distinctly higher and located at
2009). Here we use a rough approximation to estimate thel2.7-12.8 km. For thunderstorm 3a, IC stroke heights are not
number of LINET strokes contributing to LNO Compar-  available due to the large distance from the LINET detection
isons between this method of advecting strokes with the ameentre. The IC/CG ratio in the well-developed Hector system
bient wind measured by the aircraft and lightning tracer sim-was 1.1 and much lower compared to thunderstorm 1a with
ulations with a Lagrangian particle dispersion model (FLEX- an IC/CG ratio of 7.3. These ratios are within the range given
PART) in HHO8 indicated that this method can be used if theby Kuleshov et al. (2006) for Australia (0.75-7.7).
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Table 4. The mean ambient wind velocity-g ), the temporal and spatial window of considered strokes, the number of strokes contributing
to the estimated LNQ enhancement in the anvil outflow, the mean stroke rates, peak currents and stroke heights for the selected anvil
penetrations.

Number Mean
Mean Ambient Start End of LINET Mean Stroke (Min.) Stroke  Mean Height Mean Stroke Mean Stroke
Anvil Wind Velocity Stroke Time  Longitude, Longitude, Strokes  Rate (allkA), Peak Current of IC Strokes, = Peak Current >TA),
Penetration +o,ms 1  Interval, UTC °E °E  (allkA) strokess1  (allkA)L, kA km  (>10 kA), kA strokess1
1911051al 12+2 03:00-03:30 130.69 131.10 52
03:30-04:00 130.95 131.28 6019
04:00-04:36:06 131.20 131.50 635
1.349 4.4 (1.2) 1083.1 20.3 0.114
1911052ax 10+2 02:00-02:30 130.31 130.85 5
02:30-03:00 130.53 131.00 60
03:00-03:30 130.74 131.14 331
03:30-04:00 130.96 131.28 724
04:00-04:30 131.18 131.43 2451
04:30-04:45:13 131.39 131.50 3
0.424 5.7 (1.8) 11449 225 0.037
1911052al 1242 02:00-02:30 129.70 130.35 635
02:30-03:00 129.95 130.53 1129
03:00-03:30 130.20 130.71 4493
03:30-04:00 130.45 130.89 3925
04:00-04:30 130.70 131.07 7158
04:30-05:00 130.96 131.25 10897
05:00-05:15:50 131.21 131.35 359 2.496 5.8(1.8) 138 19.1 0.235
1911052all 10+3 02:00-02:30 129.63 130.50 635
02:30-03:00 129.86 130.62 1809
03:00-03:30 130.09 130.75 4542
03:30-04:00 130.33 130.87 3911
04:00-04:30 130.56 131.00 3944
04:30-05:00 130.80 131.13 8724
05:00-05:27:14 131.03 131.24 2139
2.130 6.1(1.8) 12#3.8 19.7 0.221
1911052alll 942 02:00-02:30 129.75 130.51 635
02:30-03:00 129.95 130.64 1983
03:00-03:30 130.15 130.77 4587
03:30-04:00 130.35 130.89 3947
04:00-04:30 130.55 131.02 4863
04:30-05:00 130.74 131.14 9076
05:00-05:30 130.94 131.27 2482
05:30-06:00 131.14 131.40 116
06:00-06:24:37 131.34 131.50 0
2.145 6.0 (1.8) 12#3.8 19.7 0.218
1911053al 18+2 04:00-04:30 128.98 129.71 0
04:30-05:00 129.34 130.00 1153
05:00-05:30 129.70 130.29 355
05:30-06:00 130.06 130.58 1295
06:00-06:30 130.42 130.87 501
06:30-07:00 130.78 131.15 141
07:00-07:04:38 131.14 131.20 0
0.383 11.0 (3.4) - 19.4 0.126

1 These values strongly depend on the detection efficiency in the present area. The detection efficiency of strokes with low peak currents is
decreasing with increasing distance from the LINET detection centre (see Sects. 3.3 and 5.2).

The mean peak current (for strokes witlOkA) was  the mean stroke rate increased to 0.22—0.24 strokes=or
highest for thunderstorm 2awith 22.5kA. In comparison, thunderstorm 3a, a lower rate of 0.13 strokeswas esti-
for the other thunderstorms la, R2dll, and 3a the mean mated. These values can be compared to distinctly lower
peak current was rather similar with values between 19.1mean LINET stroke rates estimated during TROCCINOX,
and 20.3kA. Based on strokes with peak curreni® kA, with values between 0.05 and 0.06 strokes for selected
the final mean LINET stroke rate contributing to LN@as  tropical thunderstorms and as low as 0.025 strokédaer a
estimated (see last column in Table 4 and also listed in Tasubtropical thunderstorm (HHO8).
ble 5), which is considered to be a comparable parameter
between the different convective systems. The mean strokE
rate (for peak currents10kA) was lowest in the first de-
veloping systems 1a and Zawith 0.11 and 0.04 strokes §,
respectively. In the well-developed Hector system i2#)

For each of the anvil penetrations, the widilx of the
NOy plume perpendicular to the wind direction was esti-
mated from the horizontal extension of enhanced anvilNO
and the LINET stroke distribution in Fig. 7b—d. This value is
needed for further calculations according to Eq. (1). The
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values obtained are35,~30,~85-95 and-~60 km for anvil 1.3-1.7 km are visible (black lines) resulting from very small
1a, 2ax, 2al-lll and 3a, respectively as listed in Table 5.  local fires over the Tiwi Islands (Fig. 10). Due to the constant
CO mixing ratios on average, we use the Ngadient be-
5.4 Contribution of boundary layer (BL)-NO x to tween 5 and 3 km to estimate N@ 1 km (BL). The extrapo-
anvil-NOy lation down to 1 km is indicated in Fig. 10. Itis assumed that
the NG mixing ratio between 5 and 3 km is increasing due
The NG, mixing ratio measured in the anvil outflow is to the decreasing age of N@missions observed towards
mainly a mixture of LNQ and NQ, transported upward from the BL. With this method a value 6£0.13 nmol mot? BL-
the BL with convection (BL-NQ). The BL air is transported  NO, in 1 km is determined (compare to 90 nmol mbiICO
upwards rapidly within strong, well-developed updrafts by in 1km observed by the Dornier-228). This extrapolation
the convection, with little ambient mixing and without chem- is in accordance with the mean increase of the, Nix-
ical loss of NG and CO in the fresh outflow. Unfortunately, ing ratio observed by the Egrett aircraft between 3 and 1 km
during the SCOUT-O3 field phase in Darwin, the Falcon pay-(also factor 1.6 increase) during other flights in November
load did not include CO or any other suitable BL tracer. (A. Volz-Thomas, personal communication, Forschungszen-
Therefore, we use a combination of trace gas measurementgum Jilich, 2009)
from the Falcon, Geophysica and Dornier-228 aircraft to es-  For the selected anvil penetrations of 19 November listed
timate the BL-NQ contribution in the anvil outflow region.  in Table 5, average LNOvolume mixing ratiosy .o, were
The vertical NQ profile obtained from the Falcon mea- determined by subtraction of the maximum BL-N®©on-
surements on 19 November reach only down to 3.1kmtribution (0.13 nmolmotl) from the mean anvil-NQ val-
and no BL-NQ information is available. During the ues. Since no further information is available, we here as-
whole SCOUT-O3 field phase, Falcon measurements okume that the BL-NQcontribution was the same for all se-
NOx in the BL are only available from a single flight on lected anvils due to the predominately westerly, maritime
16 November 2005 (Fig. 9a). The meatto() BL-NOy winds. The mean values for anvil-NCanged between
mixing ratio up to 1km altitude during this flight was 0.5-2.5nmolmot!, as mentioned in Sect. 4.2. As a result,
0.040£0.002 nmol mot®, which is very low and indicates XLNo, Values from 0.4 to 2.4 nmol mot were obtained, as
a very clean BL. The wind direction mainly varied between Jisted in Table 5. These values are distinctly higher compared
180 and 360. On 19 November it is very likely that the to TROCCINOX, wherex no, values ranged from 0.1 to
BL-NOx mixing ratio was as low or even lower than on 16 1.1 nmol mot! (HH08).
November, since maritime airmasses from the west were ad- Qverall, the contribution of BL-NQto anvil-NO in the

vected to Darwin. Furthermore, fire maps derived from Mod- selected thunderstorms of 19 November, except anvit,2a
erate Resolution Imaging Spectroradiometer (MODIS) satelwas less than 10%. This range is distinctly lower than the av-
lite data (Giglio et al., 2003; Davies et al., 2004) indicate erage contribution found in European thunderstorms with 25
that the fire activity in the Darwin area decreased in the peto 40% (Huntrieser et al., 1998, 2002) and slightly lower than
riod 17-26 November (not shown here, sutp://rapidfire.  found during TROCCINOX with 10 to 20% (HHO8). In the
sci.gsfc.nasa.gov/firemapsMeasurements of CO with the investigated SCOUT-O3 thunderstorms (expect anvikRa
high-flying Geophysica for the entire SCOUT-O3 field phasethe contribution from LNQ clearly dominated the anvil-NO
(Fig. 9b) also indicate that CO was only slightly enhancedpudget by more than 90%.

in the anvil outflow region at-10-14 km due to transport

from the BL, compared to the region below 10km. Below 5.5 Estimate of the mean depth of the anvil outflow

4km no measurements are available. The mean CO mix-

ing ratios for all SCOUT-03 flights mainly vary between 70 The mean depth of the anvil outflowz is needed as next
and 80 nmol mot! throughout the middle and upper tropo- parameter for estimating the horizontal LN@ass flux in
sphere. In comparison, during TROCCINOX, where the BL Eq. (1). This main anvil outflow is located where the out-
was slightly more polluted, the vertical CO profiles showed flow accumulates and the maximum outflow takes place. It
a distinct C-shape between the BL and UT (HHO7). Despitehas been proposed by Folkins et al. (2002) and Folkins and

these indications of a minor contribution of BL-N@ anvil- Martin (2005) that the level of maximum anvil outflow and
NOx during SCOUT-O3, an upper possible threshold is de-convective detrainment of ozone-poor air from the BL is lo-
termined next. cated where minimum ozone mixing ratios are observed. The

On 19 November, the Falcon measurements indicate thatertical Q; profile obtained from the Geophysica aircraft on
the NG mixing ratio between 5 and 3 km altitude increased 19 November indicates that the main anvil outflow, charac-
from 0.03 to 0.08 nmolmof' (Fig. 10). The Dornier-228 terised by especially low ©mixing ratios, almost as low
measurements suggest that CO mixing ratios on averagas in the BL, was located between 10 and 14 km altitude
was rather constant between the BL and 3.4 km with 90—«(Fig. 9c). The selected anvil penetrations at 10 to 12 km (Ta-
100 nmol mot? (red line) over the region between Darwin ble 5) were therefore mainly carried out in the lower part and
and Tiwi Islands. However, some elevated layers at 0.8 andentre of the main anvil outflow.
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Fig. 9. Mean vertical profiles for NQ (a), CO (b), and G (c) derived from measurements with the Falcon and Geophysica aircraft. Mean
values for every 250 m altitude bin are given for all available SCOUT-03 flights (dd:mm:(yyyy)) in colour. The white lines show the mean
of all coloured flight profiles in each figure.

To estimate the vertical dimensionts; of the selected the main anvil outflow often differs from the ambient wind
anvil outflows (Table 5), a combination of different airborne velocity. However, both a wind increase and decrease can
measurements from the Falcon and Geophysica includindpe observed depending on the ambient wind conditions and
vertical profiles of temperaturel'j, potential temperature where the main anvil outflow was penetrated. Theadd
(©), wind velocity, G, CO, and NO mixing ratios was used CO mixing ratios in the main anvil outflow typically “mirror”
(Figs. 11-12). The main anvil outflow is characterized by athe conditions in the BL (Huntrieser et al., 2002). The reac-
small change in the slope of ti# and ® gradients at the tion with fresh lightning NO emissions may partly reduce
bottom and top of the outflow layer. The wind velocity in the ozone mixing ratios, however in this case the pronounced
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Table 5. Estimates of horizontal LN@mass fluxF no, , LINET stroke rateR| jNeT, LNOx production rate per LINET stroke and per LIS
flash P N0, @and global LNQ production rate per yea¥| No, -

Flight and Anvil

Penetration/ PLnoy PLNOy» Mean LINET
tropical (t), Entry and Exit Pressure RE,NET, g(N) g(N) Flash
subtropical (s) Time (UTC), Altitude, Meagno,,  |Va— V.;\l, Pas Ax, Az, FLZNOX’ (LINET (LINET (LIs GLNOy» Component
or Hector (H) s km  nmolmot! ms! kgm3 km km g(N)s1 strokes)s® strokeyl flashyl Tg(N)al  Length, km
1911051al () (<)16566-16 689 10.7 2.30 6.3 0.36 35 1.4 123 0.114 1082 1743 2.4 2.67
(10.4-11.8)
1911052ax (t) 17114-17265 10.7 0.38 5.4 0.36 30 2.8 30 0.037 810 1295 (1.8) 2.48
(11.2-14.0)
mean tropicat 24
1911052al (H) (<)18950-19 340 11.3 241 7.6 0.33 85 2.8 694 0.235 2955 4758 6.6 5.46
(11.2-14.0)
1911052all (H)  19634-20150 11.7 2.03 7.4 0.31 90 2.8 567 0.221 2563 4127 5.7 4.23
(11.5-11.9) (11.2-14.0)
1911052alll (H) 23077-23562 119 2.02 2.8 0.31 95 3.2 257 0.218 1180 1900 (2.6) 4.24
(11.0-14.2)
mean Hectot 6.2
1911053al (s) (<)25478-25750 10.4 1.04 14.9 0.38 60 2.5 426 0.126 3384 5449 7.6 4.32
(11.0-9.5) (8.5-11.0)
mean subtropical 7.6
relative max. error ~60% ~40% ~30% ~70%  ~200% ~60% ~260% ~290% ~300%

1 Horizontal anvil outflow velocity, calculated from values in Table 6.

2 The horizontal LNQ mass flux out of the anvil, see Eq. ().

3 Only LINET strokes with peak currents10 kA contributing to LNQ were considered for an unbiased comparison between anvil 1a and
2a (strokes mainly inside the LINET centre) and anvil 3a (strokes outside the LINET centre).

4 For the mean values only the most representative penetrations were selected (penetrations in brackets neglected).

decrease in the ozone mixing ratios was more affected by the SCOUT-03/ACTIVE - 191105
rapid upward transport of ozone-poor airmasses from the BL. NO, /nmol mol*
As mentioned earlier, ©mixing ratios were corresponding 000 003 006 009 012 015
|
|
I
1
|
i

low in the outflow 40 nmol mott), while CO mixing ra-
tios were slightly enhanced by5—10 nmol mot? (Fig. 9b). =
CO mixing ratios in the BL varied on a daily basis depending b7

. . " 5000 1 =
on the biomass burning activity (Vaughan et al., 2008). How- 8
ever, on average the mean CO vertical profile from SCOUT- }7—
03 gives no indications of a strong influence from biomass
burning emissions in the anvil outflow. Unfortunately, on 19
November a gap in the CO measurements is present in the
anvil outflow region between 11.5 and 15 km altitude.
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Based on these observations during the ascent, we assume
that the mean depth of the outflow from anvil 1a reached
from 10.4-11.8km (Fig. 11), andz is ~1.4km (Table 7).

The Falcon penetrated anvil 1a at 10.7 km, which is in the
centre of the main anvil outflow (10.5-11.0 km) as indicated
by the low wind velocities and ozone mixing ratios measured
before by the Geophysica in this outflow. Additional infor-
mation is also available from the CPOL radar in Darwin. The
vertical radar reflectivity cross section of anvil 1a along the 0 50 100 150 200 250

ambient wind direction also indicates that the main outflow CO /nmol mol™

was roughly located between 10 and 12 km (Fig. 13a and e).

Therefore, we can assume that this penetration, performe#ig. 10. Vertical NOx and CO profiles derived from measurements
when the lightning activity just had decayed (Fig. 8a), is well with the Falcon and Dornier-228 aircraft on 19 November 2005.

representative for the conditions in the outflow of anvil 1a. Mean values are given for every 250 m altitude bin (bold lines). An
extrapolation of the measured NM@nixing ratios down to 1 km is

In comparison, it is more difficult to estimate the vertical indicated by the dotted line.
extension of the outflow from the Hector pre-storms over the
Tiwi Islands labelled anvil 2x (04:45:13—-04:50:57 UTC),

pressure altitude /m
w
o
o
o

2000

1000
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Table 6. Measured wind velocity and direction in the anvil outflow and estimated for the steering. level

Measured Wind Direction Measured Wind Velocity =~ Wind Direction at  Wind Velocity at Steering

Flight and Anvil in Anvil Outflow in Anvil Outflow Steering Levél Levellvs,

Penetration dy, ° Vg, ms1 ds, ° ms1

1911051al 284+8 10.9+-2.7 300 5.0
1911052ax 267+13 9.4-2.4 294 5.6
1911052al 259+10 13.11.8 250 5.6
1911052all 273+10 11.42.1 240 6.1
1911052alll 25449 8.14+1.9 240 5.8
1911053al 278+4 16.A4-2.5 215 6.7

1 Horizontal LINET stroke distributions with a high temporal resolution (10 min) were used to determine the mean motion of a thunderstorm
cell (Vy).

Table 7. Estimate of the mean depth of the anvil outflow based on vertical profiles measured by the Falcon and Geophysica aircraft, and
measurements by the CPOL radar.

Flight and Anvil Levelof AT/Az A®G/Az AvVIAz AO3/Az ACO/Az ANO/Az CPOL Mean Depth

Penetration Gradient Radar of Anvil Out-
Change, flow Az, km
km

1911051al lower 10.5 10.5 10.4 10.2 10.2 - 10
upper 11.8 11.8 11.8 11.5 11.5 — 12 14

1911052ax lower 11.8 11.8 11.5 11.5 - - 11
upper  14.0 14.0 14.0 13.8 - - 14 2.8

1911052all lower 11.8 11.8 11.5 11.5 - 11.2 11
upper  14.0 14.0 14.0 13.8 - - 14 2.8

1911052all lower 11.8 11.8 11.5 11.5 - - 11
upper  14.0 14.0 14.0 13.8 - - 14 2.8

1911052allll lower 11.0 11.0 11.0 11.0 - - 11
upper 14.2 14.2 14.0 14.2 - - 14 3.2

1911053al lower 8.5 8.5 8.3 8.5 8.3 - -
upper 11.0 11.0 11.0 11.0 11.0 11.0 - 25

1 Here it was assumed that the anvil outflow was located between 11.2 and 14.0 km based on detailed measurements described in Sect. 5.f

since no nearby ascent or descent is available. However, at 11.3km, where NQmixing ratios were well enhanced
time sequence of radar information from the CPOL radar(Fig. 5a). We therefore assume that the main anvil out-
in Darwin is available, as shown in Fig. 13b—d and 13f-h flow of anvil 2ax was located between 11.2 km and 14.0 km
for the time period 04:00 to 05:00 UTC with focus on the (Fig. 11), andAz is ~2.8 km, which is about twice as deep as
Tiwi Islands. The vertical radar reflectivity cross section of anvil 1a (Table 7). For the penetrations of the well-developed
anvil 2ax along the ambient wind direction indicates that Hector system (anvil 2hand 2all), the same outflow depth
the main anvil outflow was roughly located between 11 andwas assumed since no closer measurements are available.
14km. Yet, the highest overshooting cloud tops reached ) ]

up to the cold point tropopause at 17 km, however, there Th€ last penetration of the Hector system (anvillZp
was no significant outflow from these very high altitudes. Was performed about 1h after the anvil Rgpenetration
The rather low NQ mixing ratios measured by the Fal- during the d_escend (Fig. 12). The measurements indicate
con aircraft at 10.7 km during the penetration of anvibea that the anvil 2all outflow was located between 11.0 and
(Table 5), indicate that this penetration was probably per-14-2 km, and the main ?DV” outflow depl‘@z was esti-
formed below the main outflow, as also discussed in Sect. 4.5nated to~3.2km. The minimum ozone mixing ratios were
based on cloud top height analyses. The first penetration ofPserved between 11.5 and 12.5km, indicating the level

the well-developed Hector system_Pavas performed later of maximum anvil outflow and convective detrainment of
ozone-poor air from the BL. This was also the level where the
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Fig. 11. Vertical profiles for CO and @(a), wind velocity (b), temperaturéc), and potential temperatu(d) derived from measurements
with the Falcon and Geophysica aircraft during ascent on 19 November 2005.

Falcon penetrated the Hector outflow (11.9 km). The verticalalready aged and not as fresh as during the anvil penetrations
profiles of wind velocity and NO mixing ratios indicate local 2al and 2all.

maxima in this layer due to the strong outflow (Fig. 12a—b).
Based on these observations, we may assume that the con(@é
tions measured by the Falcon in the outflow of anvillRat
11.9 km are well-representative for the outflow region. How-
ever, since the measurements were performed almost 1 h
ter the lightning activity decayed (Fig. 8b), the outflow was

During the descent into anvil 3a, the measurements indi-
te that the main lower level anvil outflow was located be-
tween 8.5 and 11.0km (Fig. 12), arxt was therefore es-
imated to~2.5km. Unfortunately, no measurements from
he CPOL radar in Darwin were available for this case (out
of radar range). Though the distance from the convective cell
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F#2 191105 - descent
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Fig. 12. Vertical profiles for CO, @, and NO(a), wind velocity (b), temperaturéc), and potential temperatu(d) derived from measure-
ments with the Falcon and Geophysica aircraft during descent on 19 November 2005.

was larger than during most other selected anvil penetrations.6 Representativeness of the anvil penetrations
and the outflow was slightly more aged (Figs. 7d and 8c), the

conditions in the anvil 3a outflow were assumed to be fairly
representative since the horizontal transport velocity was als

é)verall, the estimated mean depths of the selected anvil out-
higher. l

ows varied between-1-3km, which agrees rather well
with previous lidar and infrared radiometry observations of
anvil depths £1-2km) in the Darwin area (Platt et al.,
1984). The measurements by Platt et al. (1984) showed that
the anvils spread out at altitudes between 7 and 16 km. Our
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(@)

Fig. 13. Horizontal distribution of radar reflectiviia—d) and the corresponding vertical cross-secti@i$)along the white arrows indicated
in (a—d) for the 19 November 2005 measured with the CPOL radar in Darwin. In (a) the focus is on thunderstorm “1a” at 04:30 UTC, in
(b—d) the focus is on Hector pre-storm developmentsx2and the mature and dissipating Hector “RHI” at 04:00 (b), 04:30 (c) and

05:00 (d) UTC.
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Falcon - thetae Table 8. Representativeness of the selected SCOUT-O3 penetra-
77— T T tions: estimates of the mean NO/j@atio, mean age of the light-
ning emissions, mean distance from the lightning activity and from
the mean cloud top height.
— 16.11.2005
19.11.
— 23.11. | Estimated
25.11. Flight and Anvil mean age Estimated Mean distance
15 g=—-|— 2811 Penetration/tropical (t), Mean of lightning mean distance from mean
e ggﬂa J subtropical (s) NO/N®  emissions, from lightning cloud top
=< 30.11.b or Hector (H) ratio minutes activity, km height, km
() e 4
= — 05.12. 1911051al (t) 0.83 30-60 20-40 0.6
£ 1 1911052ax (t) 0.67 15-45 10-30 3.4
® 1911052al (H) 0.78 15-45 20-40 1.4
) 1911052all (H) 0.78 30-60 10-30 11
2 10 / 1911052alll (H) 0.75 90-120 30-50 11
g 1911053al (s) 0.61 60-90 70-90 1.0
a
."; q ]
5 L imum outflow level. Therefore, we can assume that most of
! 2 Y ] the anvil penetrations carried out by the Falcon aircraft cov-
ered the main anvil outflow and the major LiNOutflow.
. For the final calculations it is also important to know if the
. | . selected anvils were penetrated in a comparable and repre-
ottt sentative way. The anvil penetrations listed in Table 5 pro-

310 320 330 340 350 360 370 vide only snapshots of the conditions at a certain level of the
cloud at a certain time. These are, however, the only mea-
surements available. It has to be investigated how represen-
Fig. 14. Mean vertical profiles for the equivalent potential tem- tative these anvil penetrations are for the average anvil condi-
perature @,) derived from measurements with the Falcon aircraft. tions and some important estimates are listed in Table 8. The
Mean values for every 250 m altitude bin are given for all available NO/NO, ratio gives information on how fresh/aged the emis-
SCOUT-03 flights (dd:mm:(yyyy)) in colour. sions were. The overall high ratio of NO to N©~0.6-0.8)
found in the selected anvils indicates that NO was emitted
recently and most likely by lightning. Most of the measure-
observations during SCOUT-O3 indicate low @ixing ra-  ments were carried out in the decaying stage of the lightning
tios at similar altitudes between 9 and 16 km (Fig. 9c). Theactivity (except for anvil 2a), however, less than 1 h after
level of maximum outflow from tropical convective storms |ightning decay (Fig. 8a—c). Estimates based on Table 4 in-
is in general located at 12-14 km (Folkins, 2002), where thedicate that the largest fraction of LN®neasured during the
equivalent potential temperatur@) is almost the same as at selected anvil penetrations was produced within the last 2h
the top of the BL (Highwood and Hoskins, 1998; Folkins et pefore the penetrations (Table 8). All measurements were
al., 2000). Therefore, this is the maximum altitude that an aircarried out downstream, in this case east of the main light-
parcel from the BL can reach by undiluted, non-overshootingning activity (Fig. 7a—d). The distance to the main lightning
ascent (Folkins et al., 1999). For the computatio®effor  activity varied between 10 and 90 km (Table 8). At this hori-
a water-saturation pseudo-adiabatic process, the formula deontal distance from the main centre of lightning activity we
veloped by Bolton (1980) was used for Falcon data (see als@an assume that the anvil outflow was well accumulated in a
HHO7). An extrapolation of the vertic&, profile from 19 certain vertical level. The vertical distance between the air-
November indicates that the temperature at the top of theraft and the mean cloud top height was similar during most
BL (~1km) of ~354K is reached again in the UT at 12.0 anvil penetrations and varied between 0.6 and 1.4 km (except
to 12.5km (Fig. 14). Furthermore, on 19 November 2005for anvil 2ax), as already discussed in Sect. 4.2. Except for
the level of maximum outflow, coinciding with the level of anvil 2ax, all selected anvil penetrations were therefore per-
minimum O; mixing ratios, was located at 11.5 to 12.5km formed well within the main anvil outflow layer.
(Figs. 11a and 12a) and partly covered during the anvil pene-
trations by the Falcon aircraft. The layer above thisnin- 5.7 Estimate of the horizontal LNO, mass flux
imum (maximum outflow), up to the cold-point tropopause,
is known as the TTL (e.g. Folkins et al., 1999; Fueglistaler etBased on the parameters estimated in the previous sections
al., 2009). The mean heights of IC strokes given in Table 4and summarised in Table 5, the horizontal LN@ass flux
indicate that the major IC lightning activity was located be- Fino, (in nitrogen mass per time, g¥) was calculated ac-
tween 10.8 and 12.8 km, which is in the vicinity of the max- cording to Eq. (1) for the selected anvil penetrations. The

equivalent potential temperature /K
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Fino, Values rang(_ad between 30 and 694 §and the high- Comparison LINET / LIS - 141105
est ones were estimated for the weII—d(_aveIoped Hector sys- (@) (10:52:09-10:53:41 UTC)
tem. The upper range of the values is much higher than ;5 5 7
estimated for thunderstorms during TROCCINOX, where 1
the same method gave values in the range of 48-178gs
(HHO08). The fluxes given in Table 5 can be divided by the
molar mass for nitrogen and the area of the vertical cross-
section (A\x-Az) to estimate a flux in units of molnfs-1,
For the selected SCOUT-O3 thunderstorms, these fluxes vary
between 2.6 and 20:8.0 8molm=2s71. This is a dis-
tinctly wider range than found for TROCCINOX thunder-
storms with values between 3.3 and 108 molm—2s~1, ]
However, due to the small number of thunderstorms selected S -125 ]
it is not known how representative these values are. The val-
ues can also be compared to nitrogen mass fluxes simulate: ]
by Barth et al. (2007), who ran different cloud-scale models B0+ —A———=
and achieved 2.7-13008molm~?s71, and to Barthe et oo a| ® detecting LINET sensor |]
al. (2007), who simulated>610~8 molm—2s~1 on average ] \ coastline 1
in the anvil outflow of a STERAO storm. -13.5 +———A—————————— 1
The parameters listed in Table 5 have large uncertainties. 1305 131.0 1315 132.0 1325
The relative maximgm error of th@ no, estimqte was the_re— Comparison LINET / LIS - 201205
fore calculated, defined as the sum of the single relative er-
rors. The uncertainty forno, is given by the standard devi-
ation (on average-60% of the mean value); fdr, the stan-
dard deviations listed in Table 6 indicate an uncertainty of
~20% and forV, the uncertainty is~1 ms1 corresponding
to ~20%; for Ax and Az the uncertainties were5—10 km
and~0.5-1 km, respectively, corresponding to uncertainties
up to~30% and~70%. Summing up these uncertainties, the
relative maximum error of thé& no, estimate is~200%.

115 4 —=%

12,0

titude /°

@ LIS flash

|
|
|
‘ﬁw O LINET stroke (>=10 kA)
|
|
|

(b) (07:03:54-07:05:54 UTC)
-11.0 7

115 4

-12.0 -

5.8 Estimate of the LNQ, production rate per stroke
and per year

Latitude /°N

125 1

For the estimate of the LNOproduction rateP no, (nitro-

gen mass per stroke, in g stroke, the horizontal LNQ 13.0 1
mass fluxFino, (9 s 1) is divided by the LINET stroke rate ] | \ !
RLNET (strokes s1) according to Eq. (2).PLno, estimates ‘[ } {
for the selected anvil penetrations resulted in values ranging 43¢ 1. | 1~ | | |
from ~1.1 kg stroke? for the continental thunderstorm 1a, 1305 1310 1315 1320 1325
developing in a tropical airmass, and up8.4 kg stroke'*

for the continental thunderstorm 3a, developing in a subtrop-

ical airmass (Table 5). The well-developed Hector system ) o )
Fig. 15. Horizontal distributions of LIS flashes (in red) and LINET

2a produced up te-3.0 kg stroke®. These results suggest ) , ,
that the Hector system and the continental thunderstorm des_trokes with peak currents10 kA (in yellow) during the LIS over-

L . . pass over the LINET area on 14 Novemlfay and 20 December
veloping in a subtropical airmass produced more LN@r 2005(b). Detecting LINET sensors are superimposed (in cyan).
LINET stroke (factor~3) than the continental thunderstorm
developing in a tropical airmass. Possible reasons for these
differences will be discussed in more detail in Sect. 6.

For comparison with other published results, o, pecially two TRMM satellite overpasses of 14 November
estimates per LINET stroke were scaledAgyo, estimates  (10:52:09-10:53:41 UTC) and of 20 December (07:03:54—
per LIS flash. We are aware of the fact that a LINET stroke 07:05:54 UTC) provided a sufficient large set of coincident
is not directly comparable to a LIS flash. Here we only LIS flash observations within the LINET domain with the
use this LINET stroke — LIS flash relationship for scaling highest detection efficiency. Lightning activity in the LINET
purposes. During and after the SCOUT-O3 field phase, eseentre area and close-by, covering totall$1.5 to—12.5 N

Longitude /°E
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and 130.4 to 132%E, was suitable for comparison. Dur- the implied mean global LNQproduction rate5 no, based
ing this first (second) selected overpass overall 19 (56)on these three thunderstorm types, tropical airmass over con-
LIS flashes and 33 (96) LINET strokes with peak currentstinent, tropical maritime continent (Hector) and subtropical
>10KkA were registered in this area. For the selected timeairmass over continent, would be 2.4, 6.2 and 7.6 Tg ge-
period, Fig. 15a—b show the horizontal distributions of all spectively (Table 5). For the estimate of these mean values,
available LINET strokes and LIS flashes for the area wherethe two less representative anvil penetrations 2ad 2alll
lightning occurred. For the’ no, estimate, only stronger were not considered (therefore in brackets). In support to
LINET strokes with peak currents10 kA are considered as our findings from TROCCINOX, the results from SCOUT-
mentioned before in Sect. 5.3. The LIS detection efficiencyO3 also imply a distinct difference faP no, between con-
at night (0.93) was taken into account for the LIS overpassestinental thunderstorms in tropical and subtropical airmasses
This implies a LINET/LIS ratio of about (33/190.93=1.6  (here factor~3). The values obtained for SCOUT-O3 are
and (96/56x0.93=1.6 for the two overpasses respectively, partly higher than the estimates for tropical and subtropical
considering only LINET strokes with peak current&0 kA. thunderstorms over Brazil (HHO08). The individual estimates
By means of this ratio, the mean values o, per  for the single thunderstorm penetrations listed in Table 5,
LIS flash for the continental thunderstorm la developinghowever, indicate that a wide range of values and large un-
in a tropical airmass is estimated to 1.7 kg, for the well- certainties can be obtained f6lno,, depending on where
developed Hector system 2a (expect penetrations x and lll{horizontally and vertically) and when (fresh or aged LNO
about 4.4 kg, and for the continental thunderstorm 3a develthe anvil was penetrated.
oping in a subtropical airmass about 5.4kg were estimated Finally, the relative maximum errors of th® no, and
(Table 5). These values obtained from SCOUT-O3 are wellG| no, estimates (Table 5) were calculated. The uncertainty
within the range of values given in a review of previous inves- for R jneT Was estimated from the ratio between total strokes
tigations, where SHO7 derived a best-estimate of 3.5 (rang@ccurring in the cell and the number of strokes considering
0.5-10) kg of nitrogen per flash. The mean valuesAaio,  to have contributed to LNQ(uncertainty range 30-60%).
per LIS flash during SCOUT-O3 correspond to a total rangeFrom the estimates faf, no, ~200% andR| neT~60%, the
of 3.4-10.9<10%®> molecules NO per LIS flash. This range relative maximum error of thé’ no, estimate for LINET
is almost a factor of 2 higher than observed during TROCCI-strokes was-260%. For theP no, estimate for LIS flashes,
NOX (1.9-5.6<10?° molecules NO) (HH08). it was assumed that the uncertainty in the conversion of
The different estimates for SCOUT and TROCCI- LINET strokes £10kA) to LIS flashes was-30% (de-
NOX thunderstorms may be influenced by the different pending on which LIS detection efficiency was used: day
LINET/LIS ratios obtained. For the selected TROCCINOX or night). This gives a relative maximum error e290%.
case (4 February 2005) a value of only 0.5 LINET strokes perFor the G no, estimate, the uncertainty in the global LIS
LIS flash was estimated as discussed in HHO8, considerindlash rate was given with-10%, which gives a final relative
only LINET strokes with peak currents10kA. A second  maximum error of~300%. Considering this relative max-
overpass of LIS during TROCCINOX (5 February 2005) was imum error, G no, Values listed in Table 5 may range up
also analysed in the framework of the present study and théo ~30 Tga. This value is slightly higher than the upper
same ratio of 0.5 was obtained. Furthermore, a third overpassange of~20 Tga® given for G no, in previous assess-
of LIS during SCOUT-O3 on 17 November 2005 was anal- ments (e.g. WMO, 1999; SH07).
ysed and the same ratio as estimated for the first two over-
passes (1.6), was obtained (not shown). It is not clear why
the LINET/LIS ratios during TROCCINOX and SCOUT-O3 6 Possible explanations for different LNG production
are so different. Since the LINET configuration was about  rates in different thunderstorm types
the same on the investigated SCOUT-O3 and TROCCINOX
days (4-5 stations were active and the average distance t8everal recent model simulations indicate that different val-
the next closest sensor was80—-90 km), we assume that ues for the LNQ production per flash have to be used de-
the LINET detection efficiency was similar for peak currents pending on region. Simulations with the GEOS-CHEM
>10KkA. However, we speculate that the number of LINET model (Hudman et al., 2007) reveal that upper tropospheric
strokes>10KkA per LIS flash or the LIS detection efficiency NOyx mixing ratios observed over the eastern United States
for IC and CG flashes may be different. Results bjller during ICARTT (July—August 2004) can only be reproduced
et al. (2009) indicate an elevated fraction of LINET strokesif the LNOy yield in the model is increased by a factor of
>10KkA and CG strokes for Australia compared to Brazil, 4 to be equivalent to the Ott et al. (2009) value of 7 kg(N)
which may explain our different LINET/LIS ratios. per flash estimated from cloud-resolved modeling of EU-
The SCOUT-03 estimates fdtno, per LIS flash were  LINOX and other midlatitude and subtropical storms. For
finally multiplied with the number of LIS flashes occur- the same model and period Martin et al. (2006) increased
ring globally, 44 flashess-. If we assume that the selected northern mid-latitude LNQemissions by a factor 4 to fit air-
SCOUT-03 thunderstorms were representative for the globegraft observations, while tropical LNGemissions remained
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unchanged. Furthermore, preliminary results from cloud-the smaller pre-Hector thunderclouds merged to a huge Hec-
model simulations by Pickering et al. (2007) suggest thattor system.
IC flashes in a tropical thunderstorm during TROCCINOX  Our analyses from TROCCINOX suggested that one rea-
produce less LNQ (factor 1.6) compared to their previous son for the longer horizontal flash component lengths in sub-
cloud model results for IC flashes based on midlatitude andropical compared to tropical thunderstorms may be related
subtropical thunderstorms. In this section we try to find ex-to the enhanced vertical shear of the horizontal wind due to
planations for the different LNQproduction rates observed the proximity of the subtropical jet stream (HHO08). The el-
in different thunderstorm types during SCOUT-03. evated vertical wind shear observed in subtropical compared
to tropical airmass thunderstorms may distribute charged
particles in the cloud over longer horizontal distances (see
Sect. 6.2) and we suggest thereby generating longer flashes.
Figure 17a indicates that the LN(production rate per
LINET stroke (PLno,) is well correlated with the vertical

In our recent study on Brazilian thunderstorms during wind shear ¥, — V), not only for the selected TROCCI-
. . a AVA
TROCCINOX (HHO8), some explanations for the different oy cases but also for the SCOUT-O3 cases. A distinct

PLno, values obtained for tropical and subtropical thunder- e correlation is visible and the correlation coefficient
.storrns.were discussed in detail. Here ‘\‘Ne focus on the rPa;z for SCOUT-03 (0.63) is slightly higher than for TROC-
jor finding from TROCCINOX that the *flash component” \ox (0.54). Interestingly, the slope is about the same
length seems to play a significant role hr'\'_ow The longer for SCOUT-0O3 and TROCCINOX. Furthermore, the corre-
the flash, the moréno, may be produced if a constant pro- |44ion petween the mean annual global LiN@oduction rate
duction rate per m is assumed. GLno, and the vertical wind sheat, — V; for the selected
The strokes registered by LINET are VLF/LF sources SCOUT-O3 and TROCCINOX cases is shown in Fig. 17b.
along a flash. It is however not known, which parts of the Again a positive correlation is visible and for SCOUT-
flash emit these sources. To obtain some information aboup3 is 0.63 compared to 0.54 for TROCCINOX. However,
the flash length, single strokes were therefore combined tahe slope is much steeper for SCOUT-O3 due to the higher
a “flash component’, as described in Sect. 3.3. The dis1INET to LIS rate estimated during SCOUT-O3 (1.6) com-
tance between the position of the first and last stroke regpared to TROCCINOX (0.5). Figure 17c indicates that the
istered within a flash is defined as the length of the “flashwidth Ax of the anvil outflow perpendicular to the wind di-
component”. However, these estimated lengths are muchection is also positively correlated with the flash component
shorter than the total flash lengths in reality, because LINETlength for the selected SCOUT-O3 case%i6 0.69). Pos-
only registers VLF/LF sources along some parts of the flashsible mechanisms behind these observations are discussed in
and not along the complete flash channel. For the selecteghe next section.
thunderstorms in Table 5, first the average horizontal flash
component length was estimated (for vertical length see5.2 Impact of vertical wind shear on thunderstorm and
Sect. 6.3). A time period of 20min was analysed for all lightning development
thunderstorms when the lightning activity, that contributed
to LNOy, peaked (Table 4). For an unbiased comparisonAn MCS is a good example of a thunderstorm type where the
between the selected thunderstorms, only strokes with peakertical wind shear plays a significant role for the develop-
currents>10 kA were considered. The mean horizontal flashment and that has been investigated in detail in the literature.
component lengths were shortest for the continental thunderA typical MCS consists of four regions: the forward anvil, a
storm “lal” developing in a tropical airmass and for the pre- convective region (leading line) with the main charge layers
Hector system “2a” with values around 2.5-2.7km (Ta- (negative in~5—6km and positive in the UT), a transition
ble 5). In the continental thunderstorm “Ba developing  zone and the trailing stratiform region with a negative charge
in a subtropical airmass, the flash component was distinctlytayer in the radar bright band layer arountC0(see Fig. 1
longer and reached 4.3km on average. Similar and evein Carey et al., 2005; Ely et al., 2008). Carey et al. (2005)
longer mean flash component lengths, up to 5.5 km, were oband Dotzek et al. (2005) also investigated the lightning den-
served in the well-developed Hector system f2H" over sity in this kind of storms and found that very high frequency
the Tiwi Islands. The spatial distributions of the horizon- (VHF) lightning sources are located in three major regions:
tal flash component lengths in the selected thunderstorms ari@ the negative and positive charge layers in the convective
shown in Fig. 16. In the tropical airmass thunderstorm and inregion and in the bright band layer in the trailing stratiform
the pre-Hector systems, the flash components are distributecgion. Trajectory studies showed that ice particles were ad-
more closely compared to a more widespread distributionvected from the upper positive charge layer in the convective
in the well-developed Hector system and in the subtropicalregion to the lower bright band layer in the rear (descending
airmass thunderstorm complex. Interesting is also the inpathway). Recently, Ely et al. (2008) investigated the path-
crease in flash component length from 2.5 to 5.5 km, whenway of VHF lightning sources and found that the lightning

6.1 The importance of the “flash component” length
and vertical wind shear
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LINET flash component lengths - 191105 pathway in a MCS typically extended over 50—60 km in the
(only >=10 kA) horizontal. In the initial stage, the lightning pathway spread
-12.0 @ T - - - over a relative constant altitude in the UT (see Fig. 6a in Ely
— mean length "1a_|" = 2.67 km et al., 2008). In the mature stage of the MCS, the lightning
122 ] pathway then descended from 9-10km down to 4-5km in
the rear (see Fig. 6b—e in Ely et al., 2008). This first expla-
= nation and mechanism has been called the “charge advection
5 mechanism” (Rutledge and MacGorman, 1988). In addition,
i) conceptual models of the electrical structure in a mesoscale
'% 12,6 convective system (MCS) by Stolzenburg et al. (1994) and in
- a supercell by Wiens et al. (2005) (both storm types related
128 to elevated wind shear) indicate that the charged regions in
' the upper part of the cloud may stretch far away from the
convective region with precipitation. Recent simulations by
-13.0 : : : : Barthe and Pinty (2007) of an ideal supercellular storm case,
1306 1308 1310 1312 1314 1316 using a 3-D mesoscale model with an explicit lightning flash
110 . . . . scheme, also point in this direction.
®) [ reanlength "2a x" = 2.48 km A second possibility for the development of longer flashes
—— mean length "2a_I" = 5.46 km may be related to the “tilted dipole mechanism” introduced
1.2 mean length "2a_II" = 4.23 km |1 by Pierce (1955), Brook et al. (1982) and Hill (1988): a lat-
> eral displacement of upper level charge inside the convective
e -11.4 region itself due to the influence from the vertical wind shear.
3 Later, observations by Rutledge and MacGorman (1988) of
§ 16 MCS and by Engholm et al. (1990) of summer as well as win-
g ter storms confirmed a tilted deformation of the charge cen-
tres in the convective region by the vertical wind shear. More
-11.8 4 recently, these findings have been discussed by Gilmore and
Wicker (2002), and Carey and Buffalo (2007).
120 , , , , Third, we propose that if a thunderstorm complex has a
1306 1308 1310 1312 1314 1316 multicell structure (as for 38 or if single thunderclouds
140 , , , , merge (as over the Tiwi Islands to form Hector), longer
© | meanlength"3a_I" = 4.32 km flashes may be initiated between the centres of different thun-
- derclouds (so-called inter-cloud flashes). Therefore, the hor-
-14.2 1 izontal size of the anvil outflow and the cell organization
within a thunderstorm system also seems to play an impor-
E 4.4 tant role for the flash component lengths that may develop
2 (as indicated in Fig. 17c). Recently, Kuhlman et al. (2009)
=2 reported that the interaction between charge regions in two
© 146 converging anvils from supercell storms caused distant flash
"y initiation.
-14.8 - . Observations during the DUNDEE experiment (Petersen
and Rutledge, 1992; Rutledge et al., 1992; Williams et al.,
150 1992) showed that thunderstorms in the Darwin area typ-

1296 1298 1300 1302 1304 1306 ically developed in a low-shear environment, which allow
the positive charge in the anvil region to remain above the
negative charge layer favouring lightning with less horizon-
tal extension. This low-shear environment is typical for the

Fig. 16. Horizontal distributions of LINET flash component lengths development of tropical thunderstorms, which tend to be es-
(several close-by VLF/LF sources in time and space connected tg_ _ . I I )
a line) for the selected Falcon penetrations.Fld2a x", “2a.I" pecially narrow and short-lived (as shown in Sect. 4). In con

“2a I’ and “3al” of the anvil outflow from thunderstorms with  rast it is known that Hector develops in an environment with

lightning activity on 19 November 2005. The lengths given are Moderate shear (Sect. 2) and can last several hours (Keenan

mean LINET flash component lengths determined during 20 min,et al., 1990; Beringer et al., 2001).

when the stroke activity contributing to observed LiN@eaked. Here we propose that the difference in the estimated hor-
izontal flash components lengths in the selected TROC-
CINOX and SCOUT-0O3 thunderstorms is related to the

Longitude /°E
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different vertical wind shear and size of the systems. How- (@
ever, measurements of the total flash length supporting this 6000
idea have not been performed or published yet to our knowl-

edge. The new generation of three-dimensional lightning

mapping systems though indicate that both CG and IC flashes
usually have one or more extensive horizontal branches in-
side the parent thunderstorm (Coleman et al., 2008; Kuhlman
et al., 2009), which may extend 30—-100 km horizontally.

5000

4000 +

3000 -

2000 ® SCOUT-03: 191105

—— slope = 215
*=0.63
® TROCCINOX: 04/180205
—— slope = 227
r*=0.54

Pnox /9(N) (LINET stroke)™

6.3 Frequency distributions of flash component lengths 1000 |

In the previous section, a distinct difference in horizontal 0 [EE NS A I O kS
flash component lengths was found for different types of 2 4 & 8 10 12 14 16 18 20
thunderstorms. For the selected SCOUT-O3 thunderstorms, V-Vl im s™
these lengths are investigated here in more detail on the basis
of frequency distributions. In Fig. 18a the horizontal flash )
component length distributions in thunderstorm_11écon- e ;ig::giéfﬂ%
tinental tropical airmass) and “3& (continental subtropi- 10 =063
cal airmass) are compared. The number of analysed flash ©  TROCCINOX: 041180205
components is 113 for 1lband 78 for 3al. For both cases
the most frequent estimated lengths argkm. However,
several differences are clearly visible. The fraction of very
short lengths €1 km) is distinctly larger in 14 (52% of to-
tal) compared to 34(32%). These very short flash compo- 2al .
nents are mainly composed of negative IC strokes at 6—7 km ,1 . M
altitude. For 14, the number of flash components generally 2ax é¢
decreases with increasing length, except a smaller maximum 0 | | | | | | | |
at 2-3 km length. This second maximum is shifted to longer 2 4 6 8 10 12 14 16 18 20
lengths for 3al, at 3—4 km. In addition, the fractions of 3— V-Vl fm s
8km and>20 km lengths are much larger for Baompared
to lal. 120

In Fig. 18b the flash component length distributions in 2 epeiane
“2a.x" (Hector pre-storms) and “28 (mature Hector) are 100 4 =069
compared. The number of analysed flash components is 54
for 2ax and 142 for 2d. For both cases the most frequent
estimated lengths arel km. However, several differences
are again clearly visible. The fraction of very short lengths
(<1 km) is distinctly larger in 2a (57% of total) compared
to 2al (30%). In addition, the fraction of greater lengths 7—

—— slope =0.157
8 1 =054

2a_le

°
2a_ll

Gnox /TON) &
»

(©

80 4

AX [km

60 -

32km is much larger for the well-developed Hector system 401
compared to the Hector pre-storms. Interestingly, the average
duration of the flash components was only slightly longer for 20

the well-developed Hector (0.28's) compared to the Hector 20025 80354045 50 55 60

pre-storms (0.255s).
The same frequency distribution analyses were also per-.

. ig. 17. Correlation between the vertical wind shear— vy (be-
formed for the two selected TROCCINOX cases describe ween the anvil outflow and the steering level) and the kNi@o-

in HHO8 (however based on lightning data from Rede In- 4, tion ratesPLno, (a) and Gino, (b) for selected SCOUT-O3

tegrada Nacional de Deteg de Descargas Atm@sfcas,  and TROCCINOX thunderstorms (labelled in (b) &a}). Differ-
RINDAT). The same kind of differences between thunder- ent LINET/LIS factors where used in (b): 1.6 for SCOUT-O3 and

storms that developed in low (tropical) and high (subtrop-0.5 for TROCCINOX. In (c) the correlation between the flash com-
ical) wind shear environments were visible (not shown). ponent length and the widthx of the anvil outflow perpendicular
The fraction of very small lengths<(L km) was more than to the wind direction is shown.

twice as high for the tropical thunderstorms on 4 February

2005 (43%) compared to the subtropical thunderstorm on 18

February 2005 (17%).

flash component length /km
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@ veloped in low-shear environments. For this reason, a large
' ' " [ contmental wopieal aimass (a0 fraction of the negative IC strokes, generated in the nega-
5 ] B continental subiropical aimass (3a_0) | ] tive charge layer at-6 km, may discharge earlier than in
a setting where they reach an upper well-structured charge
40 ] layer. The longer flash components that develop more often
in thunderstorms with higher shear are frequently positive IC
30 1 ] strokes propagating downward from a probably well struc-
tured upper positive charge layer. We further suggest that
“warm rain processes”, known to dominate in the develop-
0] ““ ] ing stage of Hector (Sect. 2), may play an important role

60

20 A

frequency distribution /%

for development of very short flash components. In com-
o LIMHNEY lJ---,- PP N EPEE parison, in the well-developed Hector system “mixed-phase
0 5 10 15 20 25 30 35 precipitation processes” dominate (Sect. 2), which may per-
0 2 : : : : : : haps support the development of longer flashes. The verti-
e o o e 2 cal cross sections of radar reflectivity in Fig. 13f—g indicate
] that elevated radar reflectivities-40 dBZ) are observed up

50 4

§ to 12km in the well-developed Hector system. In compar-
§ “1 ison, in the pre-Hector storms and in thunderstorm 1a such
% 501 ] elevated radar reflectivities only reach up to 6 km (Fig. 13e—f,
3 right storms in f), which is close to the level of© (melting

g 20| ] level). We therefore suggest, that the cold-cloud depth (dis-
g tance between the melting level and the storm height) and
10 the concentration of ice and graupel particles were probably
" l much larger in the well-developed Hector compared to the

0 J llllll.ll ; II'. pipp . . . . .

o 5 10 15 20 o 2 a5 other storms, Whlch may initiate Ilghtnlng over larger Q|s-

flash component length /km tances. The different hypotheses mentioned above will be

investigated in future studies in more detail.
Fig. 18. Frequency distributions of LINET flash component lengths
on 19 November 2005 for thunderstorm “FPaand “3a.l” (a) and
for thunderstorm “2a¢” and “2a.l” (b). For a given flash compo-
nent length of e.g. “1km”, all lengths betweerl.0 and<2.0km |n this study measurements performed over northern Aus-
were summarised. tralia with several research aircraft (Germgalcon Rus-
sian M55Geophysicaand BritishDornier-228 during the

Next, the vertical extent of the flash components was alsdSCOUT-O3/ACTIVE field phase in November—December
analysed. Here only strokes within lavere analysed, be- 2005 were analysed. A case study from 19 November was
cause for this storm the highest detection efficiency for ICpresented in detail on the basis of airborne trace gas mea-
and CG strokes of all selected thunderstorms is availablesurements (NO, N CO, and @) carried out inside and in
Short flash components, extending owel km horizontally,  the vicinity of thunderstorms, and stroke measurements from
extended on average over 0.1-0.2km in the vertical (maxthe German LINET lightning location network set up around
~1km). These short flash components were mainly com-Darwin. The anvil outflow from three different types of thun-
posed of negative (and only fewl10% positive) IC strokes at  derstorms was probed by the Falcon aircraft: a short-lived
~6-7 km altitude ¢70%) and some at12—-17 km altitude  single cell continental thunderstorm developing in a tropi-
(~30%). The majority of these flash component$50%)  cal airmass near Darwin (labelled “1a”), a long-lived MCS
propagated upward with time. In contrast, the longer flashdeveloping within the tropical maritime continent (Tiwi Is-
components, extending overl km horizontally, extended lands) known as Hector (“2a"), and a long-lived multicell
on average in the vertical over2 km (max.~4km). These continental thunderstorm complex developing in a more sub-
flash components were mainly composed of negative (butropical airmass~200 km south of Darwin (“3a”). For the
also~40% positive) IC strokes at6—7 km altitude ¢50%) first time detailed NO measurements in the Hector outflow
and at~12-17 km altitude £50%) and most flash compo- were performed.
nents (~70%) propagated downward with time. The highest NQ mixing ratios were observed in the Hec-

We therefore suggest that the reason for the large fractionor system with peaks up to 7 nmol madlin the main outflow
of very short flash components in thunderstorms that develo@at ~11.5-12.5 km altitude. This altitude range almost coin-
in low-shear environments may be related to the configuracides with the mean height of IC stroke sources at 12.7 km.
tion of the charged positive layer in the anvil region. We The mean N mixing ratios during the Hector anvil pene-
hypothesize that this layer may be less structured and less déxations, extending over 85—-95 km perpendicular to the major

7 Summary and conclusions
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wind direction, varied between 2.2 and 2.5nmolmolThe  from 6-7 km altitude. The reason for the difference in flash
NOy contribution from the BL, transported upward with component length between the latter two thunderstorm types
the convection, to total anvil-NOwas found to be minor seems to be related to the vertical wind shear between the
(<10%). On the basis of Falcon measurements, the £ NO anvil outflow region and the steering level, which was much
mass flux in the well-developed Hector system was estimatedhigher in the outflow region of the subtropical airmass thun-
to 0.6-0.7 kg(N)s1. The highest stroke rate of all selected derstorm (15m<s!) compared to the tropical airmass thun-
thunderstorms was also observed in the Hector system witlderstorm (6 ms!). A distinct difference in vertical wind
0.2 strokess! (here only LINET strokes with peak currents shear between tropical and subtropical environments influ-
>10KkA contributing to LNQ were considered for an unbi- encing the flash component length was also observed dur-
ased comparison with the other thunderstorms). ing TROCCINOX (HHO08). For the selected SCOUT-0O3
These results from Falcon and LINET measurements werghunderstorms it was shown that the LN@roduction rate
then combined to estimate the LN@roduction rate in the per LINET stroke and the annual global LN@roduction
different types of thunderstorms described above. A ratherate were positively correlated with the vertical wind shear
high production rate was obtained for the well-developedV, — V,(r2=0.6), which seems to be an important parameter
Hector system with 2.6-3.0kg(N) per LINET stroke (only not considered up to now in studies quantifying LNO
>10KkA considered). The LNproduction rate was even It is known that the wind shear may influence the structure
higher in the thunderstorm complex “3a” with subtropical of charged layers in a thunderstorm as discussed in Sect. 6.2.
airmass signatures with 3.4 kg(N), but lower in the thunder-We hypothesize that the lateral displacement of upper level
storm “1a” with tropical airmass signatures with 1.1 kg(N) charge in the convective region because of enhanced verti-
per LINET stroke. For a better comparison with other stud-cal wind shear, the so-called “tilted dipole mechanism”, may
ies, LINET strokes were scaled with LIS flashes and a factorcause longer flash lengths. Furthermore, it has been observed
of 1.6 LINET strokes per LIS flash was estimated. The LNO that ice particles can be advected from the positive charge
production rate per LIS flashP(no,) was obtained to 4.1— layer in the convective region to the bright band layer in the
4.8 kg(N) for the well-developed Hector, 5.4 kg(N) for the rear stratiform region (descending pathway), the so-called
subtropical airmass thunderstorm complex, and 1.7 kg(N) for‘charge advection mechanism”. We suggest that the two

the tropical airmass thunderstorm. mechanisms described above may enhance the average flash
If we assume, that our different types of thunderstormslength inside a thunderstorm. However, we also hypothesize
are typically global thunderstorms (LIS flash ratd4 s 1), that longer flashes may originate if flashes connect charge
the annual global LNQ production rate G no,) based  centres of different thunderclouds (inter-cloud flashes), as in
on Hector (tropical maritime continent) would be5.7—  the case of the merging Hector system. The vertical wind

6.6 Tg(N)a® and based on the continental thunderstormsshear within the well-developed Hector system was distinctly
developing in subtropical and tropical airmasses.6 and lower than in the subtropical airmass thunderstorm, though
~2.4Tg(N)al, respectively. This result indicates, that Hec- the flash component length was about the same. Both the di-
tor has a similar high LNQproduction rate as the subtrop- mension and the cell organisation within a thunderstorm sys-
ical airmass thunderstorm. The range of ajllyg, values tem seem to play an important role for the flash lengths that
given here~2.4-7.6 Tg(N)a! is well within the range of may originate. Furthermore, a positive correlatiof=0.7)

5+3 Tg(N)a L, as given in SHO7 as best present estimate ofwas observed between the flash component length and the
the annual global LNQproduction rate. horizontal anvil dimension.

Several reasons for the different LN@roduction rates Based on our findings and hypotheses from SCOUT-
in different thunderstorm types were suggested and disO3/ACTIVE, we suggest that different estimates for the
cussed, however no major differences in the mean strokeamount of LNQ produced per flash are needed for more ac-
peak currents (range 19.1-22.6 kA for peak currerit@ kA) curate global LN estimates, taking into account the verti-
were observed. Instead, the different mean flash lengthsal wind shear between anvil outflow region and storm steer-
obtained seem to be more related to the observed differing level, the dimension and cell organisation of the thunder-
ences. The length was not directly measured but estimatedtorm system and furthermore if warm rain or mixed-phase
from a combination of several nearby LINET strokes in time precipitation processes are dominating. For future kig@-
and space to a so-called “flash component”. The horizon+tameterisations we recommend the incorporation of these pa-
tal length of this flash component was about twice as longrameters and to use more detailed radar information. Espe-
for Hector (4.2-5.5km) and the subtropical airmass thun-cially the ice and graupel volume mass seem to be crucial
derstorm (4.3km) compared to the tropical airmass thunparameters for the flash length that may be generated and
derstorm (2.7 km). The fraction of very short flash compo- produce LNQ. Recently, Yoshida et al. (2009) reported on
nent lengths €1 km) was about twice as high for the lat- a clear relationship between the cold-cloud depth (distance
ter thunderstorm compared to the other two. The majorbetween the melting level and the storm height) and the flash
part of these very short flash components was composed afite. In addition, we suggest that the cold-cloud width (im-
negative IC strokes propagating upward ont9.1-0.2km  pacted by the vertical wind shear) is important to take into
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account because it affects the flash length and therefore alsBoddard Space Flight Center Greenbelt) and the two anonymous

the total LNQ, production. reviewers for their comments and suggestions, which greatly
Furthermore, for future field campaigns we suggest tohelped to improve the manuscript.

use the new generation of three-dimensional lightning loca- .

tion systems that determine the total flash length more preEdited by: R. MacKenzie

cisely (e.g. the French ONERA VHF interferometric mapper

or the New Mexico Tech Lightning Mapping Array, LMA)

and to use a comprehensive instrumentation on both microreferences

physics and chemistry. In near future, two field campaigns

are planned for summer 2009 and 20ma://www.vortex2.  Allen, G., Vaughan, G., Bower, K. N., et al.: Aerosol and trace-

org/) focusing on the origin, structure, evolution of torna-  gas measurements in the Darwin area during the wet season, J.

does accompanying thunderstorms over the United States. Geophys. Res., 113, D06306, doi:10.1029/2007JD008706, 2008.

In addition, for summer 2012 the Deep Convective CloudsAllen, G., Vaughan, G., Brunner, D., May, P. T., Heyes, W., Min-

& Chemistry Experiment (DC3) field campaign is planned nis, P:, and Ayers, J. K.: Modulation of tropical convection by

over the central and south-eastern parts of the United States Preaking Rossby waves, Q. J. Roy. Meteor. Soc., 135, 125-137,

(http://utls.tiimes.ucar.edu/science/dc3.htmlhe objective Baehr. J., Schlager, H., Ziereis, H.. Stock, P., van Velthoven, P.,

of DC3 .IS to guantify the_ Impact .Of contmenta}, mldllat|tu.de Busen, R., Stim, J., and Schumann, U.: Aircraft observations
convectlvg storm dynamics, muI'uphasg chem|st_ry, lightning, of NO, NOy, CO, and Q in the upper troposphere from B to
and physics on the transport of chemical constituents to the gp g _ Interhemispheric differences at midlatitudes, Geophys.
upper troposphere. It is planned to use several aircraft to Res. Lett., 30, 1598, doi:10.1029/2003GL016935, 2003.
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