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Detection of lightning-produced NO in the midlatitude upper 
troposphere during STREAM 1998 

Lutz Lange, 1 Peter Hoor, 1 Gi•nter Helas, 1 Horst Fischer, • Dominik Brunner, 3'6 
Bert Scheeren, 2 Jonathan Williams, 1 Stefanie Wong, 1 Karl-Heinz Wohlfrom, 4 
Frank Arnold, 4 Johan Str6m, s Radovan Krejci, s Jos Lelieveld, 1 and 
Meinrat O. Andreae • 

Abstract. Simultaneous in situ measurements of NO, NOy, HNO3, CO, CO2, 03, and aerosols were 
performed in the midlatitude upper troposphere (UT) and lower stratosphere during the Stratosphere- 
Troposphere Experiment by Aircraft Measurements (STREAM) 1998 summer campaign. The 
campaign focused on the region around Timmins in the Canadian province of Ontario (79.3øW, 
48.2øN), close to the polar jet stream that rapidly transports trace species across the Atlantic Ocean. 
This paper focuses on the origin of total reactive nitrogen (NOy) in the UT, as our measurements show 
strong variations, which reflect large local sources. In situ production by lightning, stratospheric 
downdraft, aircraft emissions, and upward transport of polluted boundary layer air are discussed in two 
case studies as potential contributors. We use correlations among NO, NOy and CO to distinguish 
between transport from the boundary layer and in situ formations. Lightning production of NOx is 
found to be a strong contributor to the budget of NOy during high NOy episodes. 

1. Introduction 

Reactive oxides of nitrogen play a major role in the 
chemical composition of the atmosphere through their effect 
on ozone and hydroxyl radicals (OH) (for an overview see 
Crutzen et al. [1999]). Bollinger and Fahey [Bollinger et al., 
1983; Fahey et al., 1985] developed an approach to group all 
reactive nitrogen species into a family of compounds, NOy. 
The current definition of NOy covers all oxides of nitrogen in 
which the oxidation state of the N atom is +2 or larger: NOy 
comprises NOx (= NO + NO2), NO3, HNO3, 2x N205, HONO, 
HO2NO2, RONO2, peroxyacetyl nitrate (PAN), and organic 
and aerosol nitrate [Crosley, 1993]. Owing to interconversion 
among species, the lifetime of NOy is much longer than that of 
any of the individual constituent species. This grouping has 
the advantage of leading to simplifications in the 
computational treatment of reactive nitrogen chemistry in 
models [Brasseur and Solomon, 1986]. Furthermore, from a 
measurement point of view, some of the individual species in 
the family cannot be detected with the desired accuracy or are 
not considered in budget calculations. 
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Emissions of NOy are mostly in the form of nitric oxide, 
NO. Since a photochemical equilibrium between NO, NO2, 
and ozone is established within a few minutes, it is useful to 
consider NOx instead of NO. The lifetime of NOx in the upper 
troposphere (UT) and lower stratosphere (LS) is determined 
largely by its oxidation to HNO3 and PAN 
(CH3C(O)OONO2), both main compounds of NOy. The NOx 
lifetime is rather short, of the order of a day in the planetary 
boundary layer (PBL). In the upper troposphere the lifetime of 
NOx is much longer, up to about a week [Ehhalt et al., 1992; 
Jaegld et al., 1998]. 

The global budget of the oxidized nitrogen species is far 
from being well understood [Lawrence et al., 1995]. A 
considerable amount of work has to be done to overcome the 

uncertainties of estimated NOx source strengths. Emissions 
from soils [Meixner, 1994] and combustion processes in the 
lower troposphere and from lightning, downward transport 
from the stratosphere, and upward transport from the PBL in 
the upper troposphere are still associated with large 
uncertainties. Aircraft emissions are the only well-established 
source of NOx and NOy to the tropopause region [Schumann, 
1997; Brasseur et al., 1998]. 

2. Campaign Description 

Using a Cessna Citation II twin-jet aircraft, eight 
measurement flights were performed between July 1 and 
July, 15 !998 over Canada. Operating from Timmins, Ontario 
(79.3øW, 48.2øN), the campaign probed a region from 44 ø- 
56øN and 71ø-90øW at different altitudes (up to 13 km), 
predominantly in the UT-LS region. The area where the 
Stratosphere-Troposphere Experiment by Aircraft 
measurements (STREAM) 1998 measurements were made 
and locations of the flights are shown in Figure 1. The two 
flights that are discussed as detailed case studies are 
highlighted. Table 1 gives an overview of the flights. Flight 
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Figure! 1. Region of interest during STREAM 1998. Shown in the enlarged picture are the flight tracks 
of the 8 flights over Canada and the United States. 

planning was based on meteorological forecasts provided by 
the Royal Netherlands Meteorological Institute (KNMI). In 
addition, calculatiqns of forward and backward trajectories 
based on 3-hourly•nalyzed and forecasted three-dimensional 
wind fields from !he European Center for Medium-Range 
Weather Forecasts] (ECMWF) [Scheele et al., 1996] were 
used. I 

3. Instrumentation and Methods 
The Dutch Cessga Citation II, operated by the Technical 

University of Delfti was used as a platform for the STREAM 
98 measurement campaign. The aircraft is capable of reaching 
altitudes up to 13km (-160hPa) with a range of 
approximately 2000 km at speeds around 150m s -•. An 
average flight with full instrumentation usually had a duration 
of 4 hours, depending on the flight plan. The instrumentation 
and aircraft were used successfully in several previous 
campaigns [Bregman et al., 1995, 1997; Fischer et al., 1997, 
2000; Lelieveld et al., 1997, 1999; Waibel et al., 1999]. 

NO was measured using the chemiluminescence technique 
with a modified Eco-Physics 780 TR instrument, sampling at 
a frequency of approximately 0.5 Hz. The noise level for 1- 
min averages was 25 ppt. The overall accuracy, as determined 
through in situ calibrations, was 35%. In-flight calibrations 
were performed with two methods: either by the standard 
addition of a calibration gas with a mixing ratio of 10 ppm in 
N2 to the sample air stream at low flow rates, or by replacing 
the sample air with a gas mixture produced by dilution of the 
standard gas with synthetic air to concentrations of the order 
of a few ppb. 

NOy was measured using the gold converter/CO reduction 
technique to reduce all NOy species to NO. The formed NO 
was subsequently measured using a modified Eco-Physics 770 
AL chemiluminescence detector. This technique has been 
applied on board aircraft for several years. Details about the 
principles of this technique can be found in the work of Fahey 
et al. [1985]. A detailed description of the specific setup used 
for our experiment is in preparation (L. Lange et al., 
manuscript in preparation, 2001). 

Table 1. STREAM 1998 Flig, hts a 
Flight Date Takeoff/ Zenith Tropopause 

Landing, UTC Angle, deg Height, km 

Flight 

Altitudes, km 

Remarks 

1 July 1 1610/2000 24-34 8-10 10-13 

2 July 3 1815/2145 27-50 8-10 11-12 

3 July 5 1955/2345 31-69 12-14 11-12 

4 July 8 1555/1940 28-34 9-11 8-13 

5 July 10 2000/2335 35-71 9-11 11-12 

6 July 12 1755/2140 26-50 12-13 10-13 

7 July 15 1610/2010 25-33 13-14 11-13 

8 July 15 2220/205 59-89 highly 7.5-10 

variable, 6-13 

mostly stratospheric 

stratospheric 

tropospheric, convective influence 

stratospheric 

mostly stratospheric 

tropospheric, convective Influence 

mostly tropospheric, convective plumes 

tropospheric with stratospheric filament 

reaching down to 6 km 

"Tropopause height was taken from the ECMWF reanalysis, at 3.5 PVU. Flight altitudes are derived from pressure 
measurements. Local time is UTC- 5 hours. 
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Figure 2. Time series for the tracers (a) ozone, (b) NO, NOy, (c) CO, and (d) UCN particles observed 
during STREAM Flight 7 on July 15, 1998. Separated with boxes are three distinct events (see text). 

As determined from the standard deviation of in situ NO 
and NO2 calibrations, the noise level for 1-min data was 100 
ppt. The accuracy, which was determined by the overall 
uncertainties of the gas standards and conversion efficiencies 
of different NOy species not determined in the field, was about 
20%, plus precision. 

CO was measured by a tunable diode laser absorption 
spectrometer (Tristar), with a frequency of 1 Hz [Wienhold et 
al., 1998]. The noise level for 5-s averages was 2.5 ppb, and 
the overall uncertainty was 6%. 

CO2 was measured with a LICOR-6262 nondispersive 
infrared gas analyzer system, modified for airborne operation 
by using a constant pressure inlet and active temperature 
stabilization. The instrument was used in the differential 
mode. The overall uncertainty of the measurements was <0.5 
ppm for 1-Hz data. 

HNO3 was measured by a chemical ionization mass 
spectrometer (CIMS). This instrument operates on the basis of 
the ion-molecule reaction technique and was developed, built 
and operated by the Max Planck Institute for Nuclear Physics 
in Heidelberg [MOhler and Arnold, 1991; MOhler et al., 1993; 
Schneider et al., 1998]. The overall accuracy for HNO3 was 
40% with a detection limit of 50 ppt and a precision of 20%. 

The University of Utrecht performed measurements of 
ozone using the chemiluminescence reaction of 03 with 

ethene at a 1-Hz sampling rate. The instrument, a Bendix 
8002, was modified for pressure-independent measurements. 
The detection limit was 1 ppb with a precision of 2%. The 
overall accuracy was 5% [Bregman et al., 1997]. 

Aerosols in different size ranges were measured by 
Stockholm University using a TSI-3010 and a TSI-3760 
condensation particle counter with lower cutoffs at 6 nm and 
18 nm, respectively. The difference in the measurements 
between the two instruments represents the nucleation mode 
or ultrafine particle number concentration (UCN) with 
diameters between 6 and 18 nm, which is used in this study. 
The aerosol instrumentation is described in detail by de Reus 
et al. [2000]. 

4. Case Studies 

4.1. STREAM 1998 Flight 7, July 15 

This flight was dedicated to the investigation of a frontal 
system that was located northwest of Timmins. Strong 
westerly winds prevailed at the 250-hPa level and turned into 
a northwesterly flow at 500 hPa. The tropopause (3.5 potential 
vorticity units (PVU)) was located at approximately 130 hPa. 
The major part of the flight took place southwest of Timmins. 
Four stacked flight levels (at approximate altitudes of 11.2, 
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11.9, 12.5 and 13 km) were probed perpendicular to the 
outflow from convective cells. 

Time series of the trace gas and aerosol measurements are 
shown in Figures 2a-2d. Three regimes were distinguished by 
their distinct tracer characteristics. The first event, which took 
place during the ascent between 8 and 11-km pressure 
altitude, was characterized by low ozone mixing ratios, 
ranging from 50 to 60 ppb (Figure 2a). In contrast, NO, NOy, 
CO, and ultrafine particles showed strong peaks. The high 
abundance of CO and NO points to the direction of 
anthropogenic influence. The high NO/NOy ratio of 0.6 during 
this event suggests recent emissions. High aerosol number 
concentrations have been observed in the outflow of 

convective clouds and attributed to new particle formation 
[Ridley et al., 1997; Clarke et al., 1998; StrOm et al., 1999; 
Wang et al., 2000]. In the outflow of a convective system the 
environmental parameters (high relative humidity, low 
temperature) are favorable for new particle formation. A high 
abundance of UCN particles reflects this effect, and hence an 
extensive increase in the ultrafine particle number 
concentration can be used as a tracer for such an event. Thus 

the tracer characteristics during event 1 suggest that we 
sampled an air mass that was recently lifted from the PBL. 
The anthropogenic influence is manifested in the high CO and 
NO mixing ratios..NOy enhancement ratios (ANOr/ACO) 
between -0.037 and 0.11 are in accordance with 

anthropogenic or biomass burning emissions from the PBL 
[Altshuller, 1986; Andreae et al., 1994]. A contribution from 
lightning emissions to the high NO mixing ratios is likely but 
can hardly be assessed quantitatively. The same air mass was 
sampled again on the descent to Timmins (data not shown 
here). No significant change occurred according to the tracer 
characteristics. 

During the second event, on the 11-km flight level, ozone 
increased to almost stratospheric mixing ratios above 120 ppb 
at PVU values below 1.5 (Figure 2a). The mixing ratios of 
CO, NO, NOy. and UCN decreased. Nevertheless, UCN and 
CO still show some fluctuations that are anticorrelated to 

ozone. This most probably reflects sampling of a mixed layer, 
where lower stratospheric air has been mixed into the upper 
troposphere (H. Fischer et al., manuscript in preparation, 
2001). 

In strong contrast to this was event 3 at the end of the 11- 
km flight level. A sharp increase of CO, NO, NOy, and UCN 
in combination with a drop in ozone resembles the first event 
because of the similar tracer characteristics, although it took 
place at another location, 2 ø south of the first event. A 
NO/NOy ratio of 0.4 suggests some photochemical aging of 
this anthropogenic plume in contrast to the first event. 

4.2. STREAM 1998 Flight 3, July 5 

This particular flight was dedicated to sampling the upper 
tropospheric outflow region of a large convective system 
located over the western side of the Great Lakes region. The 
meteorological situation in the UT on July, 5 1998, showed a 
strong westerly flow on the 250-hPa level which extended to 
500 hPa, turning into a southwesterly flow at the surface. This 
flow was determined by two low-pressure systems located 
over James Bay and southwest of the Great Lakes region. The 
flight tracks (Figures 1 and 3) were perpendicular to the 
outflow at two different flight levels (10.5 and 12 km) to and 

'from Tinmfins. According to satellite images, the convective 

Figure 3. Flight track for STREAM flight 3 on July 5, 1998. 
The flight (white line) started at Timmins (northeast end) 
toward the Great Lakes region and back to Timmins. In the 
upper fight comer of the figure is James Bay and in the upper 
left comer, Vancouver island. The black lines show the 
backward trajectories calculated along the flight track, and the 
white diamonds indicate the position of the trajectory every 
12 hours. The trajectories are superimposed on a manipulated 
satellite image with the cloud cover accumulated over the 24- 
hour period in which the trajectories crossed this region. The 
cloud cover (white areas) visualizes the strong convective 
activity. 

system was active for at least 3 days prior to the flight. The 
entire flight took place in the UT, at PVU values around 0.5- 
1.5 PVU, however, at the end of the second flight level at 
2315 universal time coordinated (UTC), the tropopause was 
almost reached at 3 PVU (Figure 4b). 

4.3. Data and Discussion 

The tracer time series (Figures 4a-4c) show a pattern that 
differs strongly from most other observations during 
STREAM 1998. The mixing ratios of NO and NOy are highly 
structured throughout the flight and are high in comparison 
with values from the other flights performed during STREAM 
1998. Interesting is the extension of the elevated NO levels 
which were detected almost throughout all of the flight and 
spread out over several hundred kilometers. 

During the first part of the flight (2020-2150 UTC), NO 
values were around 1 ppb, and peaks up to 3.5 ppb were 
associated with NOy peaks up to 5 ppb. The average NOy 
concentration was -2.5 ppb (Figure 4a). Ozone was nearly 
constant with an average value around 60 ppb (Figure 4b), 
while CO varied slightly around 100-110 ppb (Figure 4c), 
similar to typical background values observed during this 
campaign. HNO3 concentrations ranged mostly from 500 to 
700 ppt. Around 2140 UTC, HNO3 and NO show strong 
peaks. A stratospheric origin of HNO3 is not likely, because 
of the enhanced NO mixing ratios. Moreover, the proximity of 
this event to the convective outflow (Figure 3) makes it seem 
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Figure 4. Time series for several tracers, PVU, and flight 
altitude obtained during Flight 3 on July 5, 1998. The gray 
bars indicate when the NO and NOy instrumentation was 
offiine because of in situ calibrations. 

highly unlikely that the increase in HNO3 stems from 
oxidation of NOx. The formation of 1.5 ppb HNO3 from 
available NOx would require more than 20 hours under upper 
tropospheric conditions. Thus it seems like this peak reflects 
uplifted, aged pollution from lower altitudes. 

The abrupt change in the pattern around 2200 UTC is 
striking. All tracer concentrations decrease to values 
significantly smaller than typical background values, except 
for CO2 and ozone (the latter slightly increasing). NO 
decreased to a few ppt (below the detection limit), while CO 
dropped to 70 ppb. This part of the time series marks the 
southwestern part of the flight, the turning point back to 
Timmins. The backward trajectories indicate that this part of 
the flight was not affected by the convective systems, as is 
evident from the satellite pictures (see Figure 3). 

On the way back to Timmins the aircraft changed to a 
flight level -1500m higher (see Figure 4a). The tracer 
concentrations increased rapidly as the aircraft left the clean 
air masses. In approximately 40 s, the concentrations of all the 
tracers increased to an abundance even higher than those on 
the lower flight level. Since the aircraft traveled at a speed of 
approximately 150 m s -1, this implies a rather sharp border 
between the two air masses. Given the response time of the 
instrumentation, this transition occurred within 6 km. 

While NO was strongly enhanced during the entire flight in 
the UT, CO remained rather constant at average background 
concentrations, except for the air mass encountered around 
2200 UTC (see Figures 4a and 4c). The trajectories as well as 
the low CO and NO support the interpretation that during this 
part of the flight the aircraft passed a relatively clean air mass 

that had not been affected by convection over the North 
American continent. Backward trajectories indicate that the 
air mass originated over the tropical Pacific Ocean region. A 
comparable flow pattern in the Ontario region at lower flight 
altitudes was reported previously by ABLE 3B [Harriss et al., 
1994; Wofsy et al., 1994]. 

For budget considerations, NO2 was calculated by using 
our measured NO and O3 mixing ratios together with the 
modeled NO2 photolysis rate, JNo2 from Briihl and Crutzen 
[1989]. The rate coefficient k• for the reaction between NO 
and ozone was taken from Atkinson et al. [1997]. The 
calculated and measured NOy partitioning during the "low- 
NOx" part of the flight is shown in Table 2. The NOy mixing 
ratios were about 1 ppb, which is rather high in comparison 
with other observations [Emmons et al., 1997]. The fact that 
HNO3 and NOx* (the sum of measured NO and calculated 
NO2) account for only approximately 23% (0.28 ppb) of the 
total NOy of an aged air mass is rather interesting, especially 
in combination with a "high-NOx" case. During this part of 
the flight, 84% of the NOy is accounted for by the sum of 
NOx* and HNO3 (Table 2, high NOx), leaving only 16% or 0.4 
ppb for other contributors to NOy. When all data obtained in 
the UT during STREAM 1998 are considered, 57% of NOy 
can be attributed to HNO3 and NOx*. 

5. Reactive Nitrogen in the UT 

Figure 5 shows scatterplots of (Figure 5a) NOy, (Figure 
5b) NO, (Figure 5c) NOz (= NOy- NOx*) and (Figure 5d) 
NO/NOy versus CO. Data of all flights are used for this plot. 
Stratospherically influenced data points, identified by 03 
mixing ratios in excess of 120 ppb, are marked with gray dots, 
while tropospheric data are marked with black dots. For this 
graph, 15-s-averaged data points sampled above 7-kin altitude 
are used, thus focusing on free tropospheric data. Figure 5a 
shows three populations of the data. One, at low CO mixing 
ratios together with elevated NOy, contains the portion of the 
flights under stratospheric influence (gray), identified by a 
negative slope of the NOy-CO correlation. On the other side 
of the graph, marked with crosses, we find a population with 
elevated CO mixing ratios, showing weak positive correlation 

Table 2. NO v Partitioning a 
Overall Upper Tropospheric 

Data 

Com- ppb Range, Percentage 

ponent ppb of NOy 

High NOx Low NOx 

NOy 1.95 

HNO3 0.5 

NOx* 0.61 

Others 0.84 

CO 108 

CO2 364 

0.8-5.9 -- 2.43 ppb 1.26 ppb 
0.04-2 26 33 % 21% 

<0.03-3.8 31 51% < 2 % 

-- 43 16% >77 % 

a The overall budget refers to the mean of all data obtained during 
STREAM 1998 in the upper troposphere (above 7-kin flight altitude, 
<100 ppb ozone). NOx* indicates measured NO plus calculated NO2. 
The budget during the high NOx event refers to the flight on July 5, 
1998 between 2030 and 2140 UTC whereas the low NOx budget 
refers to the same flight between 2150 and 2210 UTC. 
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Figure 5. Scatter plots of 15-s-averaged data of all flights. (a) NOy versus CO. The stratospheric 
fraction was separated by coloring data points with ozone values >120 ppb gray. Data with low NOy 
and elevated CO are marked with crosses. A branching in three populations is visible (see also 5b), 
indicating that the high-CO events are not correlated with high-NOy events. (b) NO plotted versus CO. 
Data of all flights besides flights 5 and 8 (instrument failure) for zenith angles of (80 ø were used. The 
potential sources are indicated by the shaded ovals. Note that the borders between the air mass regimes 
can not be drawn sharply and a certain amount of overlap is expected. (c) NO,. (NO,. = NOy- NOx*) 
versus CO. (d) NOfNOy ratio plotted against CO. High NOfNOy ratios indicate fresh emissions of NO•. 

with NOy as typical for aged polluted air masses [Parrish et 
al., 1993]. At the center of the graph, a large number of data 
points of high NOy mixing ratios at the Northern Hemispheric 
background levels for CO are found. In general, NOy mixing 
ratios are rather high but consistent with our measured HNO3 
and NO•,* values. 

Figure 5b shows that the same three populations are found 
for NO versus CO. Nevertheless, the "stratospheric" fraction 
and the "aged polluted" fraction show only weak variations in 
NO, whereas the center fraction shows strong variability in 
NO independent of CO. We found that the data in the center 
fraction stem from STREAM flights 3 and 7 (case studies) 
and 6 (not discussed here), whereas the aged polluted fraction 
contains data from several flights. 

Boundary layer pollution is assumed to be associated with 
elevated CO values, while NO enhancements without 
enhanced CO are most likely due to in situ production. In this 
graph (Figure5b) the most likely origin of the data points or 
the strongest factor influencing them is marked with shaded 
ovals. Note that there are transition zones between the ovals 

where a combined influence is certainly present. The data 
points marked with "lightning influence" may also have a 
pollution component. This subset lightning influence is 
reduced in magnitude in a NOz versus CO scatterplot (Figure 
5c), where NOz (= NOy- NO•) is defined as the oxidation 
products of NO•. The high NO and NOy values at seemingly 
background CO mixing ratios, together with the observation 
that they do not show up in the NOz versus CO scatterplot, 
indicate that the NO formation had occurred only shortly 
before the observations. The rather high NO/NOy ratios of up 
to 0.7, as shown in Figure 5d, further support this 
interpretation. 

Another potential source of the high NO besides boundary 
layer pollution includes emissions from air traffic. As shown 
by Schlager et al. [1999], typically aircraft emissions of NOx 
show sharp pulses and no large-scale enhancements as 
observed during STREAM. From the POLINAT 2 campaign 
[Schlager et al., 1999] the NO enhancement by aircraft 
emissions in background air of the North Atlantic flight 
corridor was shown to be of the order of 100-150 ppt. This 
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cannot explain the -1-3 ppb enhancement shown in Figure 5. 
We conclude therefore that the most likely explanation for the 
major fraction of the fresh NO plumes is in situ production by 
lightning in convective cells upwind of the flight path. 

6. Lightning as a Source of NOx in the UT and 
Lightning Tracing 

The production by lightning through the Zel'dovich 
mechanism [Zel'dovich and Raizer, 1966] is an important 
natural source of NOx to the UT . It potentially has a large 
influence on the global free tropospheric NOx budget. Several 
authors estimated the global source strength of lightning to be 
between 2 and 100 Tg N yr -•, although the most likely range 
lies between 2 and 20 Tg N yr -• [Lawrence et al., 1995; 
Gallardo and Cooray, 1996; Price and Penner, 1997; Dye et 
al., 2000]. Nevertheless, this range poses a major uncertainty 
in the atmospheric reactive nitrogen cycle, which tums over 
approximately 40 Tg N yr -• [den Elzen et al., 1997]. The 
uncertainty is at least partly due to the difficulties in 
distinguishing between convectively injected NOx from 
polluted PBL air masses and freshly produced NOx by 
lightning [Huntrieser et al., 1998]. In general, the convective 
activity that is responsible for the charge separation necessary 
to create lightning also causes updraft of boundary layer air to 
higher altitudes. In the vicinity of electrically active clouds, 
NO enhancements of up to a few ppb were observed [Ridley 
et al., 1996; Huntrieser et al., 1998; Htller et al., 1999; $tith 
et al., 1999, and references therein]. 

Finally we attempt to quantify the NO produced per 
lightning flash with the lightning-tracing method as described 
by Jeker et al. [2000]. The National Lightning Detection 
Network (NLDN) data show strong lightning activity upwind 
of the flight path (Figure 6) 5-20 hours before the flight on 
July 5, 1998. Using the backward trajectories calculated along 
the flight path, we counted the number of flashes that had 
possibly influenced the air mass we encountered. For this 
purpose we arbitrarily defined an area of 1 ø x 1 ø for each air 
parcel moving along the backward trajectories. The flashes 
within this moving area were counted [Jeker et al., 2000]. 

This procedure yielded the number of flash events that 
occurred along each trajectory. These numbers should' 
correlate with the time series of measured NO. Elevated NO 
concentrations and a higher frequency of lightning flashes 
were found during the first part of the flight. However, after 
2230 UTC, when we detected the highest NO mixing ratios 
(see Figure 4a), our analysis did not indicate any lightning 
activity. Thus we have to conclude that the lightning-tracing 
method used here did not show a reliable result for our 
measurements. One reason for this might be a lower 
efficiency of the NLDN network in detecting intracloud and 
intercloud lightning strikes, which potentially have a 3 times 
higher abundance (but lower NOx-production efficiency). 
Other potential explanations are associated with the different 
altitude ranges of flash events and potential errors of the 
backward trajectories due to the convective activity. The 
slightly higher CO mixing ratios on the higher flight level (12 
km) support the convection argument. 

7. Summary 

Measurements of several tracers, NO, NOy, and HNO3 have 
been presented. Several possible sources for NOx in the UT 
have been discussed. In one case study, the updraft from 
polluted boundary layer air is shown. Using tracer-tracer 
correlations in a second case study, we showed that the in situ 
production from lightning is most likely responsible for these 
high NO plumes. As it is the most likely source for elevated 
NO near the tropopause the data suggest that recent lightning 
events may enhance the background mixing ratios of NO by 
more than 2 ppb. 
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