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Abstract. Ground-based measurements of ozone and NO 1 Introduction

differential slant columns by the SAOZ (Sgste d’Analyse

par Observations &hithales) and UT-GBS (University of Active nitrogen oxides (NQ=NO+NQ;) play an important
Toronto Ground-Based Spectrometer) instruments during theole in ozone photochemistry, reacting catalytically with
MANTRA 2004 field campaign are presented herein. During ozone in both the troposphere and the stratospl@metzen

the afternoon of 28 August, a thunderstorm passed over the970). In the troposphere, NQOcan act as both an ozone
instruments, which were installed at Vanscoy, Saskatchewagource and sink, depending on the concentrations of ozone
(5°N, 107 W). Enhanced differential slant columns of precursors (CO, Cl and volatile organic compouds) and
ozone and N@ were observed by both instruments during NOy, as well as the amount of available sunlight. Sources of
the storm, with maximum values of two and 25 times the ex-NQy in the troposphere are numerous, and include ground-
pected clear sky columns, respectively. The enhanced ozongased fossil fuel burning~24 Tg N/year), biomass burning
differential slant columns are primarily due to the longer path (~8 Tg N/year), soil emissions~(12 Tg N/year), NH oxi-
traversed by the solar radiation caused by multiple scatterelation ¢-3 Tg N/year), aircraft emissions-0.4 Tg N/year),

ing inside the thick cloud layer associated with the thunder-and transport from the stratosphered(4 Tg N/year) Price
storm. The enhanced NQ@olumns are partly attributed to et al, 1997, and references therein). Another source of
NOy production by lightning. Two new methods are used NOy in the middle and upper troposphere, with by far the
to separate the NDenhancements into contributions from largest uncertainty, is lightning. The large amounts of en-
the longer path length and production by lightning. Combin- ergy released by lightning flashes can break aparahd

ing the observed excess M@ith lightning flash data from O, molecules, which then recombine to form NO. This
the Canadian Lightning Detection Network and Environ- newly formed NO can then react with ozone to form NO
ment Canada Doppler radar measurements, the productiofZel'dovitch and Raizer1966. Recent estimates of the

of NO2 molecules per lightning flash is determined. Using global annual production rate due to lightning-producediNO
these two methods, the best estimate of the production ratie between 1 and 20 Tg N/year(ntrieser et a).2002 Tie

is found to be (7.8%2.52)x 10°® molecules NG/flash from et al, 2002 Ridley et al, 2004 Boersma et aJ 2005 Beirle

the UT-GBS and (6.8%2.17)x10?® molecules NQ/flash et al, 2006 Martin et al, 2007).

from SAOZ. These results are consistent with the range of The MANTRA (Middle Atmosphere Nitrogen TRend As-
previous estimates reported in the literature. sessment) series of balloon campaigns was conducted in
Vanscoy, Saskatchewan (3%, 107 W) in late summer
during the reversal of the stratospheric flow, known as
turnaround, to measure stratospheric constituents that impact
ozone chemistry§trong et al.2005. The turnaround con-
dition provides a scenario when the atmosphere is the closest
to photochemical equilibrium and dynamics do not have a
large influence\(lunch et al. 2005 and references therein).
The MANTRA field campaigns were held biennially from
Correspondence toA. Fraser 1998 to 2004. As a complement to the balloon measure-
(amery@atmosp.physics.utoronto.ca) ments, a suite of ground-based instruments were operated
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0.02 0.02 zenith-sky is gathered by a fused silica lens with a two-

02/ (@) 02/ (o) X . o X
a a ' degree field of view, and focused on a liquid light guide,
g m | 8 « \ which minimizes the effects of polarization. Spectra are
-0.02 -0.02 recorded continuously throughout the day, with varying ex-
450 00 550 B0 waveenghomy posure times to maximize the signal on the CCD. Shortly

before the 2004 campaign, the CCD detector began malfunc-
tioning. A replacement was obtained from the manufacturer,
a liquid-nitrogen-cooled 1024128 pixel front-illuminated
CCD. Spectrawere recorded between 345 and 555 nm, with a

DOD
DOD

25 A0 A o s 0 25 A o s 0 resolution of approximately 0.5nm in_the N@egion (425-
0.02 0.02 450 nm) and 1.0 nm in the ozone region (450-550 nm). The

@) ® loaned CCD’s sensitivity to UV-Vis radiation(10% quan-
§ 0 | § om tum efficiency) was lower than that of the original detector
“ ' (~60% quantum efficiency), meaning that longer exposure
0025 500 0 %0 500 550 times were required to maximize the signal, leading to fewer
Wavelength (nm) Wavelength (nm) measurements over twilight. A low signal-to-noise ratio was

obtained during the MANTRA 2004 campaign due to an er-
Fig. 1. Typical differential optical depth (DOD) fits fd(a) 0zone, ror in the data acquisition software, which has since been

UT-GBS, (b) 0zone, SAOZ(c) NO,, UT-GBS,(d) NO,, SAOZ, (€) corrected. Despite these issues, good data was obtained, as

O4, UT-GBS, and{) O, SAOZ. Al fits are for spectra recorded in  S€€N in the spectral fits ShOW,n in Fig. _
Vanscoy during the thunderstorm, at a SZA of approximatel/ 76 'The SAO_Z (Systme d'Analyse par Observations
(18:25 LT, 00:25 UTC). In all the figures, the gray line is the data Zénithales) instrument was constructed in the late 1980s,

while the black line is the fit to the data. and is now deployed in a global network for measurements
of stratospheric concentrations of trace gases important to
ozone lossRommereau and Goutail998. SAOZ records
throughout each campaign, measuring the day-to-day varispectra between 270 and 620 nm, with a resolution of 1.0 nm.
ability of some of the trace gases of interest. Ozonesondeshe detector is an uncooled 1024-pixel linear diode array.
were also launched regularly throughout each campaign. I'SAOZ records zenith-sky spectra with a°1feeld-of-view.
2004, ground-based measurements were accumulated on 4hectra are recorded every thirty minutes throughout the
days, from 3 August to 15 September. day, and continuously during twilight, defined as when the
The late afternoon of 28 August saw a heavy thunderstornmsolar zenith angle (SZA) is between®8nd 95.
over Vanscoy, with lightning and thunder observed for three  The DOAS (Differential Optical Absorption Spec-
hours. Ozone and Nfdifferential slant column densities troscopy) technique (e.@olomon et al.1987 Platt 1994
measured during the storm by two of the ground-based inis used for the analysis of spectra from both instruments with
struments are discussed herein. The observed i®epa-  absorption cross-sections of ozorigufrows et al. 1999,
rated into contributions from path enhancement due to multi-NO, (Vandaele et al.1998, H,O (Rothman et a}.2003,
ple scattering and production by lightning. The production ofand Q, (Greenblatt et a].1990 fitted using a Marquardt-
NO; per lightning flash is also calculated. Measurements ofLevenberg non-linear least-squares technique. Differential
lightning-produced N@ from ground-based UV-Vis instru- slant column densities (DSCDs) of ozone angl &e re-
ments are rare. The thunderstorms must pass over or near thigeved between 450 and 550 nm, and NDSCDs are re-
instruments, and it can be difficult to estimate the lightning- trieved between 425 and 450 nm. The program WinDOAS,
produced NQ from the measurements. In addition, if the developed by the IASB (Belgian Institute for Space Aeron-
instrument is located in an area with tropospheric pollutionomy, Fayt and Van Roozendaél001), has been used to an-
(such as in a large city), the lightning N@nhancement can alyze data from both instruments. A single reference spec-
be difficult to extract from the pollution. trum was chosen for each instrument for the entire campaign
(3 September, SZA=448 and the two were selected to be
as close as possible in time. Figureshows typical ozone,
2 Instruments NO2, and Q fits from the two instruments, taken during the
thunderstorm at a SZA of approximately°7@8:25 LT).
The University of Toronto's Ground-Based Spectrometer Measurement errors for DSCDs measured by both instru-
(UT-GBS) was assembled in 1998 and has participated irments are calculated from the root-sum-square of individual
all four MANTRA campaigns Bassford et a).2001, 2005 sources of error, aftdBassford et al(2005 and references
Farahani2006. It consists of a triple-grating spectrome- therein. The individual errors are the same for both instru-
ter with a thermo-electrically cooled, two-dimensional CCD ments unless otherwise noted and include random noise on
(charged-coupled device) array detector. Sunlight from thethe spectra (2.5% for UT-GBS ozone, 1% for SAOZ ozone,
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2% for NQy), instrument error arising from uncertainty in " N ,, Coorinaied niversl Time (rour of heday) N o
the dark current, bias, and slit function (2% for the UT- L Lo Coud oacty ‘ ‘ ‘ ]
GBS, 1% for SAOZ), pseudo-random errors resulting from 3 Second cloud e 1
unaccounted-for structure in the spectra (1-2% for ozone, 4- ¥ _Radar Refleciivty 1
6% for NOy), errors in the absorption cross sections (2.6%

for ozone, 5% for N@), the temperature dependence of the

NO; cross-section£8%), and the effects of multiple Raman

scattering, which acts to fill in absorption features (1% for
ozone, 5% for N@). The total error for the UT-GBS is 4.6%
for ozone and 11.9% for N while the errors for SAOZ are
3.5% for ozone and 11.8% for NO
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3 Thunderstorm observations
) ) ) Fig. 2. Cloud base heights (in km) and total cloud opacity (in
Environment Canada (EC) meteorological observations fromenths) recorded by Environment Canada at Saskatoon on 28 Au-
nearby Saskatoon (30km north of Vanscoy) show a thungust 2004. First, second, and third heights are the base heights of
derstorm occurring between 17:00 and 20:00 LT (23:00 tothe three layers of cloud. Also shown is the maximum radar reflec-
02:00 UTC, SZA 63-90°). Figure2 shows the hourly total tivity in the 5 km area around Vanscoy, recorded by the Environment
cloud opacity and cloud base height recorded by Environ-Canada radar in Radisson, Saskatchewan.
ment Canada. During the thunderstorm, the sky was com-
pletely overcast by a thick cloud with a base varying from
750 to 1350 m. e
EC radar observations from Radisson, Saskatchewar g,
(60 km north-west of Vanscoy) also show thunderstorm and
thick cloud activity occurring over Vanscoy. FiguBeshows 535
the radar reflectivity at an altitude of 1.5km at 16:30 LT
(22:30 UTC, SZA 59). Cells of heavy rain and hail (pink
colour) was observed over Vanscoy (indicated by a orange
arrow on Fig.3). The maximum radar reflectivity in the
5km area around Vanscoy is shown in F&j. Further ex-
amination of the radar imagery, available at 10-min intervals, 515
shows a series of thunderstorm cells forming to the West of
Vanscoy, near the Alberta-Saskatchewan border, and travel
ing to the East, eventually dissipating to the East of the mea- 505
surement site. The supplementary movie shows an animatior 15 Wk 8 18 40E g 5
of the radar images between 15:00 and 22:00 LT (21:00 and Longitude (degrees W)
04:00 UTC). In total, three cells or remnants of cells passed
over Vanscoy. The maximum total area of the three storm

cells is (6110) ke, using the area with reflectivity greater lated from the Environment Canada radar measurements in Radis-

than 40 dBz flacKeen et.a].1999. Vanscoy Wa§ up_vvmd.of son, Saskatchewan on 28 August 2004. Vanscoy is indicated by the

Saskatoon for the duration of the storm, making it unlikely |5/qe orange arrow. The three red circles indicate the three thunder-

that NG; enhancements are due to the upward transport oforms that pass over Vanscoy. The three smaller red arrows indi-

anthropogenic N@ cate the direction in which the storm is moving. An animation of the
Lightning flash data was obtained from the Canadianradar images between 15:00 and 22:00 LT (21:00 and 04:00 UTC)

Lightning Detection Network (CLDN), a series of ground- is available as a supplement.

based detectors that sense lightning using the time-of-arrival

of radio pulses generated by lightniriurrows et al.2002.

Figure 4 shows the lightning detected over the CanadianCLDN is approximately 85-90% for cloud-to-ground (CG)

Prairies for the one-hour period from 17:00 LT to 18:00 LT flashes and only 1-4% for intra-cloud flashes (IC), due to

on 28 August (23:00 UTC to 00:00 UTC, SZA®® 72). the lower amounts of energy released during the laBar-

The total number of flashes observed by the CLDN duringrows et al, 2002. Approximately 94.4% of the observed

the five-hour total lifetime of the thunderstorms that eventu-flashes were cloud-to-ground. Correcting these 494 flashes

ally pass over Vanscoy is (52462). Only flashes upwind for the detection efficiency of the CLDN yields (5659)

of Vanscoy were counted. The detection efficiency of thetotal flashes. Due to the large uncertainties introduced in

[43]
w

52.5
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[

Latitude {degrees N)

51

Fig. 3. Precipitation rate at 16:30 LT (22:30 UTC, SZA%%alcu-
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two instruments are in agreement throughout the campaign,
it can be assumed that had SAOZ been measuring, it would
have observed a maximum N@SCD similar to that seen
by the UT-GBS. As the lifetime of NQis several days, the
decrease in N@after the peak is most likely due to advec-
tion of less NQ rich air masses as the thunderstorm moved
over Vanscaoy, and is not due to the decay ofINO

The increase in ozone is consistent with similar observa-
tions of ozone during thick cloud events in England, France,
Sweden, and in the tropical AtlantiEe et al, 1995 Wag-
ner et al, 1998 Pfeilsticker et al. 1999 Winterrath et al.
1999. The increase in N®is roughly double that seen
by Langford et al.(2004) during a Colorado thunderstorm,
though less than the 35-fold increase seelMiyterrath et al.
(1999. The observed enhancements in ozone and part of the
enhancements in Nare caused by an increased path length
through the atmosphere. In the case ofdN@e increase is
also partly due to lightning-produced NO

There are two processes that combine to increase the path
Fig. 4. Lightning flash data for the one-hour period beginning 28 length, or air mass factor (AMF), in the presence of thick
Augustat 17:00 LT (23:00 UTC, SZA 6Bin Vanscoy (X) fromthe  clouds, described in detail iRfeilsticker et al(1998. Op-
Canadian Lightning Detection Network (CLDN) superimposed on tical paths can be enhanced by multiple reflections between
a visible GOES im_agt_a _taken_at 17_:00 LT. Each plus (+) and minus|ayers of clouds (the “ping-pong” effect) or by photon diffu-
(—) represents an individual lightning flash. sion inside a thick cloud. Other processes could account for
the observed increase of ozone, including transport, in-cloud

correcting for the intra-cloud flashes, no correction is app”edpro.ducu(.)rr:,l\tlzgnve_ctlon, |tr11tru3|origog strgtospherlc ai, or re-
to the remaining (3&3) flashes. Figuré also shows the vis- ;cthnﬂwn fw'mﬁ_”?t et ;l' . 9 . n:e WI? y ttotr:/ erlf){{_
ible GOES (Geostationary Operational Environmental Satel- € Influence of multiple scattering 1S o fook at Ine ratios

lite) image of the storm, which extends over SaskatchewarPf 0Z0n€ and N@to Q. Oy concentrations are related to
and into Alberta and the northern United States. concentrations of oxygen, and, in the absence of an increase

in the oxygen vertical column, are expected to be constant
(e.g.,Wagner et a].2002. Hence a maximum in gsuch as
4 Differential slant column measurements the one observed in Fi&.is evidence of multiple scattering
through the atmosphere, in this case due to the thick clouds
Figure 5 shows the ozone, N and Q, DSCDs, as well  associated with the thunderstormy 8CD measurements are
as the intensities measured by both instruments on 28 Auan established method of inferring the path length through
gust. Intensities are calculated by dividing the intensity atthe atmosphere in the presence of clougde et al, 1995
450 nm (the peak of the spectrum) by the exposure time ofnagner et al.1998 2002. The ratios of 0zone and NQo
the measurement. The resulting intensity per time measureg, for the afternoon of 28 August are shown in F&y. As
ments (in counts per second) are referenced to the intensityeen in Fig6a, the Q to Oy ratio is fairly constant until the
per time at SZA=60in the morning. That afternoon, both in- start of twilight, indicating that the excess ozone is a result
struments observed a maximum in all three species centeregf increased scattering through clouds. In the case of,NO
on a solar zenith angle of 7{18:31 LT), which is consis- in Fig. 6b, there is a clear maximum in the ratio aP7indi-
tent with the occurrence of the thunderstorm. The measuredating additional N@ in the atmosphere, which is attributed
intensities during the thunderstorms fall by roughly 95% of here to production by lightning.
the morning intensities. At the ozone maximum, differential
slant column densities measured by both instruments have
increased by roughly a factor of two compared to the morn-5  Derivation of lightning-produced NO,
ing values. At the peak of N£) the differential slant col-
umn densities have increased by a factor of 25 as observefiwo new methods have been used to separate the observed
by the UT-GBS and 20 as observed by the SAOZ instrumenenhancement of the differential slant column of Ni©to a
15 min before the peak. Because SAOZ had not switched tgortion due to path-enhancement and a portion due to light-
continuous measurements at the peak of the storm, which oaiing production. These methods are discussed in S&dts.
curred before twilight, it did not capture the true maximum in and5.2 The lightning-produced SCD is then converted into
NO, columns. However, since the N@olumns between the a vertical column amount in Se&.3.

Envirenmant Environnement
Conada

T, AT W
W R g ey

Lightning R conada Foudre
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on 28 August 2004. Intensities are calculated by dividing the intensity at 450 nm by the exposure time of the measurement and are referencec
to the intensity (in counts per second) at SZA=@®the morning.

5.1 Method one: N@to O4 ratio (110" X107
*  UT-GBS . *  UT-GBS

The behaviour of the N&JO, ratio is fairly consistent be- 45 @ " 9 ;i\%%ﬂmd ® ;

tween clear-sky days, however it can vary significantly be- . %, gl — — saozfited |

tween cloudy days, due to varying cloud cover. This ratio

is also strongly dependent on the vertical profiles of both  *° *

species. It is therefore difficult to predict what the NOy o 3 °

ratio would have been on 28 August if no N@as formed by fq 5 N S«

lightning. However, on other days of the campaign, the ratio & )

increases exponentially with solar zenith angle. Two inde- ? *

pendent exponential fits were made to the observed/ @O 15 *

ratios for the SAOZ and the UT-GBS, omitting the points be- 1 #

tween 65 and 82, which correspond to the beginning and 5} »

end of the observed maximum in the ratio. These fits for . e
KR el

both the instruments are shown in Figh, along with the % 7 P % %0 7 30 %

measured value of the ratio, which is used before and after SzA (degrees) SZA (degrees)

the peak (before 65and after 82). From these fitted val-

ues .Of the NG/O, "'?‘“0 durilng the storm, an estimate of the Fig. 6. (a)Measured @/O4 ratios, and(b) measured and fitted

portion of the NQ dlffer_entlal slant column due to enhanced NO,/Oq4 ratios for the afternoon of 28 August in Vanscoy. The mea-

path length can be derived: sured value of the ratio is plotted before and after the peak (before
NO, 65° and after 82) in the NO)/O4 ratio (see text).

NO2 pe(SZA)= |:O_4(SZA):| X Og,mead SZA) 1)

fit

where NQ pg is the path-enhanced NQthe subscript “fit”  tributed to the lightning-produced NO The resulting N@
indicates the fitted N&O4 ratio, and Q measthe measured differential slant columns are shown in Figa. The differ-

04 column. This relationship is only valid if the vertical ence between the observed Ndifferential slant column and
profiles of @ and NG do not change. To find the portion the differential slant column calculated from the interpolated
of the observed enhanced NO®SCD that is due to path- NO,/O4 ratio is the slant column of N@attributed to pro-
enhancement, the assumption is made that the vertical praduction by lightning, shown in Figib. The results from both
file does not change. Any change in profile is therefore at-instruments are similar.

www.atmos-chem-phys.net/7/1683/2007/ Atmos. Chem. Phys., 7, 1683-2007
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5.2 Method two: derived air mass factors

A second method of deriving the slant column of N€aused

by path enhancement is to use the measurements of ozone to
derive the enhanced air mass factor, or path length, for ozone
and NG. Generally, measured differential slant column den-
sities of both ozone and Nre related to the air mass factor

by:
DSCID(SZA)=VCD x AMF(SZA)—RCD 2

where VCD is the vertical column density, RCD is the refer-
ence column density, the amount of absorber in the reference
spectrum used in the DOAS analysis, and SZA is the solar
zenith angle. With no path enhancement, the afternoon ozone
DSCDs would follow the same trend as the morning DSCDs,
increasing with SZA. Assuming no change in the VCD, the
path-enhanced DSCWvill be related to the enhanced ANMF

by:

DSCD(SZA)=VCD x AMF'(SZA)—RCD 3)

contribution from path-enhancement (P-E) for methods one (ratiosyhere the primes indicate path-enhancement. The enhanced

to Oy) and two (derived AMFs) discussed in the tefti) Residual

NO, SCDs attributed to lightning.

.
no cloud
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AMF’ can be found by combining these two equations:

AMF'(SZA)=AMF (SZA) DSCD(SZA) +RCD )
DSCD(SZA) + RCD

The enhanced AMFs an upper limit on the AMF, and as-
sumes that all of the excess ozone is due to multiple scat-
tering in and between clouds. This assumption is justified
by the behaviour of the ozone to@atio shown in Fig6a.
The non-path-enhanced AMF was found using a radiative
transfer modelNicLinden et al, 2002 initialized with tem-
perature, pressure, and ozone profiles taken from the aver-
age of all ozonesondes launched during the campaign and
a climatological NQ profile. The RCDs for ozone and
NO» were found from Langley plots, of DSCD versus AMF,
for the morning of 28 August. Measured ozone differential
slant columns from the morning and afternoon were used as
DSCD and DSCQ respectively, in Eq.4). Figure8a shows
the enhanced ozone AMFor both instruments, derived us-
ing Eq. @), as well as the AMF calculated with the radiative
transfer model assuming no clouds and assuming a thick cu-
mulus cloud near the surface, of optical depth 70, extending
between 1 and 10 km (e.Bassford et a).2001). The same
profiles were used to initialize the model in both the cloud-
free and cloud cases.

The air mass factors for ozone and N@iffer since they
are retrieved in different wavelength regions. In the radia-

Fig. 8. (a) Ozone air mass factors calculated for the case of notive transfer model, the ozone AMF is calculated at 500 nm,
clouds and for a cloud of OD=70 from 1-10 km using a radiative while the NG AMF is calculated at 425 nm. The AMFs for
transfer model, and derived from the measurements usingdEq. ( the two species are affected by the cloud differently. Fig-
(b) Ratio of NG, to ozone AMFs using the radiative transfer model. ure 8b shows the ratio of the NOAMF to the O; AMF for

(c) Same as (a), but for N©and using Eq.5).

Atmos. Chem. Phys., 7, 1688692 2007

the cloudless and thick cloud model calculations. This ra-
tio is a maximum for the cloud-free scenario. Without more
detailed observations of the clouds and vertical profiles of
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the two species, it is difficult to predict what the ratio of the oX0° ‘
AMFs would have been during the storm, and even more dif- 4| [ * uT-GBS, ratio L ]
ficult to quantify how it would change with SZA. Given this, € s/ | . urass aur ** ]
a maximum NQ AMF can be found by assuming there are Eg 7P SAOZ AMF . 1
no clouds during the storm. Although this assumption is cer- £ ¢ ¥ e ]
tainly false, it allows the calculation of an upper limit on the £ i: *&}* |
NO; due to path enhancement, and a lower limit on theNO % al .+, x o i
produced by lightning. Taking this cloud-free ratio, the esti- 2 2 * k% O N .
mated NQ AMF’ is found from: € oo i : 1
or - . | | oy | J
AMF;\IOZ (SZA)=AM Fb3 (SZA) %?(SSZZAA)) (5) 60 65 70 = (degresg 85 90 95
3

Figure 8c shows this estimated NOAMF for each instru-  Fig 9. Lightning-produced N@ VCDs calculated from the resid-
ment, as well as the calculated AMFs for the cloudless and,al NO, in Fig. 7b and Eq. 6).

cloudy scenarios.

Figure7a shows the resulting upper limit for N@DSCDs
due to path enhancement calculated from Bj. The NQ Sect.5.2is used, as well as Eg2)and @), resulting in
differential slant columns measured in the morning werethe following equation:
used as DSCDs, increased to account for the expected in-
crease due to the diurnal variation of NC'he increase was ycp= DSCD(SzA)-DSCDSZA) (6)
calculated using a linear fit to the ratio of the NOSCDs AMF'(SZA)—AMF(SZA)

observed in the afternoon to those observed in the morningrhis has the result of the two methods no longer being in-
excluding the DSCDs measured during the thunderstormdependent_ The resulting VCDs, shown in Fey.are at-

The upper _Iimit of NQ DSCDs from ,bo_th SAOZ and UT- i ted to lightning. Only values between6dnd 86 are

GBS is similar. Prior to 67, the upper limit exceeds the mea- gp,,yn a5 the differences in both the numerator and denom-
sured NQ DSCD, an indication that an assumption made injnator of Eq. 6) are small, due to the fact the slant column
calculating the N@ AMFs is incorrect — either there is ad- ot |ighining-produced N@is small or non-existent before
ditional ozone produced or transported into the optical path 4 after the thunderstorm passes over Vanscoy. Since the

or the ratio of 'Fhe air. mass factors is smaller than assumedAMF/ is a maximum of the enhanced AMF, the VCDs are
as expected given Figh. At SZAs between 75and 85, 5 minimum amount of N@produced by lightning. No at-

this maximum NQ is exceeded by the NfJound using the oyt has been made to account for horizontal variations in
NO; to O, ratio method. This is perhaps an indication that \he N, concentrations. In addition, it has been implicitly
the mterpolate_d_ N@tq Os rat|_0 is too large in th|§ region, 8 ;csumed that the transport of Biroduced by lightning out-
result of the difficulty in predicting the N&JO4 ratio. HOW-  giqe the thunderstorm cells is approximately balanced by the
ever, since both methods result in similar differential Sla”ttransport of N@ from other thunderstorms into the cells. Al-
columns of NQ due to path-enhancement they can be be-y,q,,qh this assumption is most likely false, the assumptions
lieved to be approximately correct. involved in calculating a correction term for the effects of

) ) » transport would introduce further error into the N®CD.
5.3 Conversion to vertical column densities Instead, a 20% error is attributed to the VCDs in addition to
the errors in the DSCDs as a result of these processes, and
the uncertainties in calculating the AMF.

The difference between the measured NOSCD and the
derived path-enhanced N@n Fig. 7a is the amount of N®
produced by lightning, which is shown in Figb. How-
ever, these residuals are slant columns: the above methods NO, flash production rate

have calculated the path-enhancedN3suming no change

in the vertical column. Lightning produces NMeneath  Taking the lightning-produced VCDs derived in Sest3,

the cloud through cloud-to-ground flashes, which is trans-the amount of N@ produced per CG flash can be calcu-
ported into the cloud through the strong vertical updraftslated. Using the ratio method, the amount of excess NO
present during thunderstorms. W@ also produced within  VCD, found by integrating under the curves betweehddd

the cloud by intra-cloud flashe&¢hr et al. 2004. There-  86° for method one in Figdis (7.30£1.35)x 10! molecules
fore the path length through the lightning-produced Nl NO,/cn? for the UT-GBS and (6.3%1.16)x 10' molecules
also be increased by multiple scattering within the cloud.NOy/cn? for SAOZ. The error estimates on the total excess
To convert the derived lightning-produced WNSCDs found  NO; are the root-sum-square of the DSCD error discussed
in Sects.5.1 and5.2 into VCDs, the AMF calculated in  in Sect.2, the estimated errors in the methods used to obtain
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the lightning-produced N®VCD (20%) and the estimated lates into 750-3000 IC flashes. Taking these flashes into ac-
integration error (10%). From Se@, the size of the heavy- count, the range of the NOproduced per flash would be
precipitation cell is (6210) kn?. Using the corrected num-  (1.01-1.24% 10?6 for 3000 IC flashes and (2.70-3.3Q)0%6

ber of CG lightning flashes during the storm from the CLDN for 750 IC flashes.

(565+59 flashes), the storm-averaged NEroduction per

CG flash of lightning can be calculated from:

ExA

7 Conclusions

NO, produced (7
Elevated columns of ozone and N@ere observed by both

where E is the residual N@ VCD derived from measure- SAOZ and UT-GBS ground-based UV-visible spectrometers
ments, A is the area of the storm, an is the number of  during a thunderstorm that occurred during the afternoon of
lightning flashes Noxon 1976. The production amounts 28 August 2004 in Vanscoy, Saskatchewan during the 2004
from this method are (7.882.52)x 10?6 molecules NG/CG ~ MANTRA campaign. In the case of ozone, the enhance-
flash from the UT-GBS and (6.832.17)x10?® molecules =~ ment is most likely due to increased path length in and be-
NO,/CG flash from SAOZ. The values derived from both in- tween clouds. In the case of N(the enhancement is due
struments agree within error bars. to increased path length and the production of,N@ light-
Using the air mass factor method, the UT-GBS observeding. The amount of N@due to lightning has been cal-
(6.49£1.20)x 107 excess molecules N@n? and SAOZ culated, using two methods to estimate the excess @

observed (5.961.10)x107 excess molecules N@n?. to path enhancement within the cloud. Lightning flash data

(7.01£2.23)x 10?5 molecules NG/CG flash from the UT- ~Canada radar station were used to determine the amount of

GBS, and (6.4%2.05)x 10? molecules NG/CG flash from NO, produced per lightning flash. The production values
SAOZ. Again, the two instruments agree within their com- in the range of (6.43-7.8810?°) molecules NQ/CG flash
bined error bars. The values from the two methods are als&@lculated from both instruments agree with each other, and
in agreement for the two instruments. However, it should be@re also in agreement with previously published values. If
noted that the values calculated are slightly different quanJC flashes are considered as well, this rate becomes (1.01-
tities. The values found using the air mass factor method3-30)x 10?° molecules N@/flash, the large range of esti-
of limiting the NO, due to lightning production are mini- Mmates being primarily due to the relative insenstivity of the
mum values for the amount of NGproduction by lightning, CLDN to intra-cloud flashes. Error estimates for the pro-
whereas the values found using the N© O, ratio are best duction amounts are approximately 32% of the derived val-
estimates of the actual NGroduction rate. For both meth- Ues, due to the difficulties in accurately representing the area
ods, the production amounts calculated from the SAOZ mea®f the NG producing thunderstorms, the transport of NO
surements are lower. This is a result of SAOZ not measuringto and out of the measured air masses, and the separation
during the peak of N@as observed by the UT-GBS. of the observed N@into contributions from lightning and
Noxon (1976 estimated an order of magnitude value of Path-enhancement.
10%® molecules NGQ/CG flash based on DOAS differential
slant column measurements of N@ade during a thunder-
storm in Colorado. Franzblau and Popfl1989 derived a
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