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Abstract. Transient luminous events, such as red sprites, ocatmospheric so-called transient luminous events (TLES) have
cur in the middle atmosphere in the electric field above thun-been discovered — best known are the red spriteenZ et al.
derstorms. We here address the question whether these prda99Q Sentman et al.1995. Figurel shows schematically
cesses may be a significant source of odd nitrogen and affe¢he different TLEs known. An overview of the different
ozone or other important trace species. A well-establishedlasses of TLE and their properties can be foundé&ubert
coupled ion-neutral chemical model has been extended fo(2003 and references therein.

this purpose and applied together with estimated rates of ion- Electric discharges are known to have chemical effects,
isation, excitation and dissociation based on spectroscopigmong the most important of which is the production of
ratios from ISUAL on FORMOSAT-2. This approach is used odd nitrogen (NQ=N+NO+NQ) and possibly odd oxygen
to estimate the N@and ozone changes for two type cases. (ozone and atomic oxygen). N@s long-lived in the middle
The NQ, enhancements are at most one order of magni-atmosphere, with diurnal conversion between,N® night
tude in the streamers, which means a production of at mosand NO at day taking place due to photochemistry. yNO
10mol per event, or (given a global rate of occurrence ofaffects the ozone profile and therefore the temperature pro-
three events per minute) some 150-1500kg per day. Théile of the atmosphere, coupling chemistry to dynamics. For
present study therefore indicates that sprites are insignificarfurther reading on NQ sources and transport, we refer the
as a global source of NO Local effects on ozone are also reader to studies such &sllis et al.(2002 andFunke et al.
negligible, but the local enhancement of N@ay be sig-  (2005.
nificant, up to 5 times the minimum background at 70 km in Tropospheric lightning has been shown to produce ;NO
extraordinary cases. e.g. byNoxon (1976. Many estimates of its role in the
Keywords. Atmospheric composition and structure (Mid- global NQcbudget have been published since then. Although
dle atmosphere — composition and chemistry) — Meteorologyavailable estimates differ by up to an order of magnitude,

and atmospheric dynamics (Atmospheric electricity; Light- the lightning source amounts to about 10% of total tropo-
ning) spheric NQ production, less than burning of fossil fuels and

biomass, but comparable to soil emission. See the book by
Rakov and Umar(2003 or the review bySchumann and
Huntriesen(2007) for recent updated lists of estimates.

Recent observations also suggest that local production of

Electrical discharges during thunderstorms occur not onlyNOx may take place even in the upper troposphere above
in the troposphere. In recent years a number of middle-hunderstormsgaenr et al. 2003. This might be associ-
ated with blue jetsNlishin, 1997, although for such cases
Correspondence taC.-F. Enell air intrusions from the troposphere in convective systems

(carl-fredrik.enell@sgo.fi) can occur. See for example the TROCCINOX measurements

1 Introduction
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14 C.-F. Enell et al.: Chemical effects of sprites

2 Modelling

4 90km
2.1 The SIC model

Spectroscopic observations of sprites (seeldande et al.
Halo 1995 Morrill et al., 1998 Bucsela et a.2003 Liu et al,
2006 allow estimating the rates of ionisation, dissociation
and excitation of the atmospheric major species, molecu-
Sprite lar nitrogen and oxygen. To quantify the chemical effects
of these processes we apply an extended version of the So-
/ \ dankyh coupled lon-neutral Chemistry (SIC) model. SIC
50 km was originally a steady-state model of ion-ion reactions (
runen et al. 1996, but has later been developed into a 1-
dimensional, fully time-dependent model suitable for case
studies of the ionospheric and neutral-atmospheric chemical

Jet
effects of transient forcing, such as auroral electron precipita-
tion and solar proton eventgégrronen et a].2005 Verronen
Thunderclouds 2006. In the current stable version (SIC 6.9.0), 36 positive

ions, 29 negative ions and 15 neutral components are mod-

elled. 17 other neutral background species are fixed, given by
Fig. 1. Schematic overview of the different types of TLEs known. the MSISE-90 empirical atmospheric modele(in 1997

and tables irShimazaki(1984. Additionally the mixing ra-

tio of water vapour is fixed to 5 ppmv below 80 km and £O
(Huntrieser et a).2007. Gigantic jets extending from the is fixed to 335 ppmv.
clouds to the ionospher&y et al, 2003 are long-lived and For the present work, where excitation, ionisation and
can thus potentially produce more N@er event than the dissociation of the molecular major constituents during
other TLE types, but jet observations are to date very rareTLEs are calculated by external models, an extended ver-
Whether this is due to the low frequency of the events orsion, presently numbered SIC 7.3.9, has been developed.
the difficulty of observing blue emissions in the presence ofSIC 7.3.9 contains 17 additional excited neutral species. The
clouds is an open question. additions and extensions from the standard SIC 6.9 model

The energy dissipated in elveBukunishi et al. 1996 are summarised in Appendk, whereas the basic principles

Mende et al.2005 is also certainly of major interest since of SIC are briefly repeated in the following.
the very high luminosity indicates significant excitation and o
ionisation, although short-lived. This would be an important 2-1-1  Basic principles of the SIC model
topic of further studies. The somewhat similar sprite halos_l_he philosophy of SIC is to use a set of chemical reactions as

have been considered as a source of excited atomic oxygegom rehensive as possible, while keeping the mathematical
by Hiraki et al.(2004. P P ’ ping

In the following, however, we concentrate on the well algorithms simple. Since the timescales of the most impor-

studied streamer discharge type of TLE, the red sprites. Au_tant reactions span from practically instantaneous to many

roral research pioneer Kristian Birkelangifkeland 1908 hours, the set of differential equations will be stiff. A suitable

is famous also for his development of a method to fixate at_numerical method for such equati_ons_is the semi?implicit Eu-
S . ler method Press et al.1992, which is adopted in SIC to
mospheric nitrogen through discharges. Although the tem- . L ; ]
poral and spatial scales are very different, the similarityIntegrate the concentrationé, in time over time steps:
between sprites and the processes occurring in the aurora, F -1
namely excitation, ionisation and dissociation of atmosphericNf+f =N+ TF(Nf)[l - Tﬁ } @)
components by electron impact, suggests the use of a chem- N
istry model developed for auroral conditions also in the study The vectorF (N) is the sum of productions and losses due to
of sprites. The first part of this paper is a description of thisall processes: excitation, ionisation, dissociation and chem-
use. The production of odd nitrogen and oxygen during TLEical reactions. The partial derivatives &f with respect to
discharges is estimated for a few type scenarios. The secorffi€ concentrations of the modelled specieg,/oN, are es-
part of this paper discusses the significance of the results. timated by adding together the corresponding reaction rate

coefficients.

In SIC, the time steps of Eq. (1) are exponentially in-
creasing, i.e.:
1=TaV" " n=1212....N (2)

Ann. Geophys., 26, 127, 2008 www.ann-geophys.net/26/13/2008/



C.-F. Enell et al.: Chemical effects of sprites 15

whereT is the main interval of integration. In normal SIC known reaction rates. Piper et al.(1981ab) and others
runsT is usually setto 5 or 15 min anl to 5 or 20. The have measured the total rates of quenching of excited N
constantz<1 is selected in order for the shortest time stepsThe branching into different products must therefore be es-
7 to be shorter than the timescale of the fastest reactions. Timated. We followSwider(1976. We also disregard pro-
enable inclusion of sprite data, SIC 7.3 has been adapted toesses such as energy pooling among excited states. These
allow arbitrary unequal time intervalE down to microsec- may be important to understand the optical emissions from
onds. After each standard time interval, i.e. normally aftersprites when comparing with simulations (deg&sko 2007)
T=5 or T=15 min, but not after shorter bursts, the photoion- but it can be assumed that they do not affect chemistry sig-
isation and -dissociation rates are updated, calculated follownificantly.

ing Brasseur and Solomd2005 with solar spectra from the

Solar2000 spectral irradiance mod@&bbiska et al. 2000).

The vertical transport of long-lived non-excited species is3 Scenarios

also calculated, using code adapted fr@habrillat et al.

(2002 andBanks and Kockart§l973. To model an event with SIC, both the background conditions
(initial conditions) and the rates of excitation, ionisation and
dissociation during the event must be known. The selection

of typical locations and the derivation of appropriate rates

The reaction rate coefficients used in SIC are allowed to bE%rom observations are discussed in the following sections
either constant or empirical functions of electron tempera- 9 ’

ture Te, neutral temperaturd and pressureP, but reac-
tion energetics are not treated explicitly. Belewl20 km
where local thermodynamic equilibrium (LTE) prevails, this . .

y d (LTE) p Runs of the fully time-dependent SIC model require pro-

approach is almost always justifiable. In discharges, hOW_files of the initial concentrations of all modelled components
ever, the LTE assumption does not strictly hold true. Studie b :

of tropospheric lightning&alakrishnan and Dalgarna003 SThese are obtained by running the model with initial profiles

suggest a significant production of N@hrough energetic from a run for similar conditions, repeating one 24-h cycle

neutral oxygen atoms (ENO) in directly NO-producing reac- until a quas.|-.s'Fea-1dy state Is obtaln.ed. For Fh's SFUdy the SIC
tions such as model was initialised for the following conditions:

2.1.2 Sprite modelling with SIC

3.1 Initial conditions

Of +¢" — O (R1) — Date: August 1-2 (typical northern-hemispheric sum-
O*+Nz - NO+N (R2) mer)

where O is an ENO. Modelling such reactions is beyond
the scope of the SIC model. This process is most impor-
tant during the continuing return current phase of a light-
ning discharge, not in a propagating strean@apens et a|.
1998. High time resolution imaging such as @ummer

et al. (2006 and Stenbaek-Nielsen et a{2007 show the
propagating streamers to be short-lived (an emitting region
of ~25m scale size moving at10’ m/s). Hence, until ob-
servations or microphysical models confirm that significant
ENO conversion takes place in sprites, we will regard the
sprite streamers as a “cold” thermal plasma, for which the
SIC approach is valid. The discharge tube experiments pre-
sented and discussed Pgterson et a{2005 as well as the
review by Pasko(2007) support this assumption. The pro-
duction of NG in sprites can therefore be assumed to b
initiated by

— Latitudes: 0, 40° N, 60° N

Longitude: O (in order for local time to be equal to UT)

Background ionisation sources: Solar photons, includ-
ing EUV and soft X-rays, and galactic cosmic rays.

— Low solar and geomagnetic activit§f;07=90, Ap=10,
for the MSISE-90 neutral background atmosphere.
These parameters affect concentrations above 85km
and are therefore of little importance to these scenarios.

Although of minor importance here, three different sets of
gharameters were also used for tGhabrillat et al.(2002

transport code. The altitude of maximum eddy diffusion was

fixed to 110 km, and the following values were selected for

1. excitation of N into short-lived states which cascade the eddy diffusion coefficient and upper boundary density of
into the metastable NA®x ) state NO at 150 km:

2. ionisation of N and Q@ Equator:. 2.5x 108 cm?/s, 10x 10’ cm—3

3. dissociation of @ 40° N:. 1.2x10 cm?/s, 10x 107 cm—3

The reactions of these species are listed in AppeAdix2.
A large uncertainty in the modelling arises from the poorly 60° N:. 1.2x10° cm?/s, 10x108cm—3

www.ann-geophys.net/26/13/2008/ Ann. Geophys., 2621732008



16 C.-F. Enell et al.: Chemical effects of sprites

Fig. 2. The sprite events forming the basis of the sprite scenario, as seen by the ISUAL imager. The fields of view of the array photometer
channels are outlined. Left figure: The typical case (2004-09-13). Four altitude channels (7—10) provide analysable data. Right figure: The
maximal case (2005-07-12). Only altitude channels 5-6 are useful due to contamination from the parent lightnidgldetoret al (2006

3.2 Rates of excitation, ionisation and dissociation 4 Model results

As mentioned, the main difference between the SIC 7 modefrhe rates of excitation, ionisation and dissociation retrieved
and previous versions is the capability to include externallyas described above were imposed as single bursts at 00:30 UT
calculated rates of the processes listed in Skdt. For this  on the background atmospheres for the three different lati-
study we calculate these rates based on data from the Imagelides. On average, lightning activity shows a peak between
of Sprites and Upper-Atmospheric Lightnings (ISUAL) Ar- 13 and 20 local hour with a maximum towards the end of
ray Photometer (AP) on FORMOSAT-Zlern et al.2003.  the period, i.e. in the evenin@(ice 2006. Mesoscale con-
Since the AP has a large field of view and therefore measuregective systems (MCSs) and complex systems (MCCs) are
spatially averaged radiances, an indirect approach is used te strongest sprite producers and are typically observed dur-
calculate the ratesidachi et al.(2006, henceforth A2006, ing the night at mid-latitudes. Imposing the sprite burst
determined the reduced electric fields/@, wheren is the  during darkness (night-time) is therefore reasonable. In the
air number density) in sprites from red-to-blue spectroscopicabsence of photochemistry during night-time the chemical
ratios. Figure2 shows two A2006 events, from 2004-09- palance of the N@ family is shifted to NQ, which is ob-
13 (a typical sprite case) and 2005-07-12 (a maximal spriteservable by emission spectrometers such as the Michelson
case) as seen by the ISUAL imager. Approximate altitudesinterferometer for Passive Atmospheric Sounding (MIPAS)
are marked. Figur8 reproduces the reduced electric fields on Envisat Fischer et al.2007). An experimental com-
calculated in a time resolution of 50 ps. panion study (Arnone et al., 2008bshows that such en-
The retrieved reduced electric fields are subsequently aphancements are statistically detectable (see Selotlow).
plied to the Bolsig solverRitchford et al. 1981, which is  The runs were continued until noon (2 August, 12:00). Fig-
based on the two-term Legendre expansion solution of theire 6 shows the result for the hour after midnight in the typ-
Boltzmann equation for electrons drifting in a constant elec-jcal case (data from A2006 2004-09-13). Figatshows
tric field. In the Bolsig solver the electrons are assumedthe full 12-h run for the rates of the maximal A2006 2005-
to impact upon static nitrogen and oxygen molecules, withg7-12 case. The solid curves show the results of the sprite
cross sections of excitation, ionisation and dissociation giverscenario. The persistence of N@ the absence of trans-
by the Siglo databas€PAT and Kinema Softwaje port is evident. Control runs without sprite bursts are shown
Figures4 and5 show the rates obtained from the Bolsig by dashed lines, for comparison. All results are shown for
solver. Since the calculated 50-us series of rates fluctuatéhe centre altitudes of the ISUAL array photometer channels
rapidly, they have here been smoothed with a 5-point Gaus-
sian window in order to avoid introducing numerical insta-  LArnone, E., Kero, A., Dinelli, B. M., Enell, C.-F., Arnold, N. F.,
bilities in the SIC model. Papandrea, E., Rodger, C. J., Carlotti, M., Ridolfi, M., and Turunen,
E.: Seeking sprite-induced signatures in remotely sensed middle
atmosphere N@ Geophys. Res. Lett., in review, 2008b.

Ann. Geophys., 26, 127, 2008 www.ann-geophys.net/26/13/2008/
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Fig. 3. Reduced electric fields (ratio & to number density in Townsend units: 1 Td:‘f@'chz) calculated from the ISUAL spectroscopic
ratios. Left figure: The typical 2004-09-13 case. Right figure: The 2005-07-12 maximal case. Reproducaddobiret al.(2006.
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Fig. 4. The rates calculated by the Bolsig Boltzmann solver for the 4 applicable ISUAL altitude channels of the 2004-09-13 case, in 50-ps
time resolution. Left columns: rates of excitation of neutral species. Middle column: rate} ah(‘])NéF ionisation. Right column: Rates
of O dissociation. All rates were smoothed with a 5-point Gaussian window.
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Fig. 5. The rates calculated by the Bolsig Boltzmann solver for the 2 applicable ISUAL altitude channels of the 2005-07-12 case, in 50-ps
time resolution. Left columns: rates of excitation of neutral species. Middle column: rate} ahd)l\&F ionisation. Right column: Rates
of O, dissociation. All rates were smoothed with a 5-point Gaussian window.

(Fig. 2). The left columns of the figures show absolute valuesstill below a few percent. Due to model uncertainties, effects
of NO,=N+NO+NG; and the right columns show the relative of this magnitude are insignificant.
enhancements, i.e.

[NOx] — [NOx]control 5 Local and global significance

3
[NOx]control . . . I
In this section the question of the global significance of the

The enhancements of NCcompared with the control modelled NQ enhancements is addressed. The significance
runs, at altitudes around 70 km where the background denWill be very much affected by
sity is lowest, is at most 50% in the typical case and up to
5-6 times in the maximum case.

Figures8 and 9 show ozone concentrations for the same
scenarios. The runs were continued until the following day o
(shown here for the maximum case). The effect on ozone,
if any, would occur by photochemical reactions starting at
sunrise. The figures show a tendency that the increased den-3. the wind at the locations of sprite occurrence (with a
sity of atomic oxygen causes a small buildup of ozone until large seasonal cycle at many latitudes)
sunrise, followed by a decrease. However, this case is un-
realistic since the dilution of the streamer volumes over theNot less important is the question whether the local en-
entire sprite volume is completely disregarded. The effect ishancement would be observable. Space-borne instruments

1. the spatial scale of the sprite events (i.e. the volume of
air affected)

the number of sprites per thunderstorm (which is differ-
ent in different storms and regions)

Ann. Geophys., 26, 127, 2008 www.ann-geophys.net/26/13/2008/
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NOX at 73 km ANOX/NOX at 73 km Fig. 7. NOx for the maximal cases (rates based on A2006 2005-
107 100 07-12) in the 2 analysable altitude channels. Red: Equator, Blue:
, 40° N, Black: 60 N. Left column: Absolute concentrations. Right
column: Relative changes. Sprite burst starting at 00:30 UT.
® 50 i
5 ‘ 5.1 Extrapolation to a sprite event
10 0
0 1 2 0 1 2 To state values for parameterisation, which may be of interest
ut uT in mesoscale modelling, the production of NBy a typical
NO, at 83 km ANO /NO at 83 km sprite must be estimated. The variety of observed sprite mor-
107 : 40 phologies is large, which would require a statistical analysis
- of the different sprite types and their rate of occurrence, i.e. a
@ 6 . R — large number of global observations that to date are not avail-
E 10 =F— & 20— able. We therefore limit our parameterisation to a first order
estimate and assume that the region affected by a sprite is on
105 0 average 58 50 kn? wide (a sprite area), and extends from 40
0 1 2 0 1 2 to 90 km (leading to a cubic sprite volume). Sprites (or clus-
uT uT ters of simultaneous sprites) will be contained within such a

volume and the N@change within the volume will depend
on the fraction of it that is filled with sprite streamers, the fill-
Fig. 6. NO for the typical cases (rates based on A2006 2004-09-iNg factoras. A representative value=l>0 therefore has
13 rates) in the 4 available altitude channels. Red: Equator, Blueto be found.
4C° N, Black: 60 N. Left column: Absolute concentrations. Right ~ Images of sprites obtained during the recent Eurosprite
column: Relative changes. Sprite burst starting at 00:30 UT. campaignsArnone et al.20083 as well as telescopic imag-
ing (Gerken et al.200Q Gerken and Inan2003 can help
us to estimatey; qualitatively. Roughly, measured streamer
provide the only measurements in question for these obselgiameters are in the range 100200 m, for altitude ranges 60—
vations. The aforementioned Envisat/MIPAS experimentalgg km, where the diffuse region starts. Inspection of car-
study (Arnone et al., 2008p shows that the statistic local ot sprite images with consideration of these diameters, of
enhancement of NPmay be~10% at an altitude of 52km  the integration of streamer radiance over the exposure time
above large thunderstorms. and over the horizontal direction along the line of sight, sug-
gests that the filling factor in the large streamer region (50 km
height) is below 10%, possibly ranging betweerrd@nd
10-2. Atthe ignition region (70 km height), the bright persis-
tent core (e.gCummer et a].2006 is a much more compact

www.ann-geophys.net/26/13/2008/ Ann. Geophys., 2621732008
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Table 1. Production of NQ in a single sprite event, based on the
1 ' 05 SIC model results of Figs. Filling factorsas = 10-3-10-2 and
) volumes of 56«50x 10 kn? were assumed.
0 1 2 0 1 2
uT ut - . . - -
Altitude Typical production Maximal  production
Os at83 km Aos/ Os at83 km range (km) (molecules) (molecules)
0.2
7.9 50-60 5¢1072-5x 1073 <5x 1074
. 10 f 60-70 31023-3x 1024 <3x 10?5
£ ® 0 : 70-80 31072-3x10%3 1.5x10%3-15x10%4
M 80-90 31072-3x10%3 3x1072-3x 1073
7.7
10 -0.2
0 1 2 0 1 2
uT uT that within a modelled streamer. Therefore we will hold
the filling as unknown, and use qualitative upper estimates
af=103-10"2,

Fig. 8. Ozone for the typical case (A2006 2004-09-13 rates) inthe  sing the results of Figs and the above filling factors, the

4 altitude channels. Red: Equator, Blue®40 Black: 60 N. Left  No, production by the type events can be estimated accord-
colqmn: Absolutt_a concentrations. Right column: Relative changesing to Tablel.

Sprite burst starting at 00:30 UT. . . .

Assuming that the productions scale linearly over the
lower altitudes and that processes not accounted for in the
present SIC modelling, such as hot oxygen atoms and dis-

object close to a fully ionised channel (thus similar to colum- sqiation of molecular nitrogen, can contribute with produc-
nar sprites): accounting for a 1 Kmolumn (or afew of those  tign rates at most of the same order of magnitude as those
in case of cluster of sprites), the filling by streamers is con-gptained here, the NOproduction by a single sprite can be
strained to a narrow region of the adopted sprite area, thugarameterised as 1-10 magnaccolo et al(200 estimated
filing may be reasonably assumed to bel®°-5x10"°,  the global rate of sprites to around three per minute. The
i.e. 1-10kn over the 5050 kn¥ sprite area. global production of NQ by sprites could therefore be taken
The estimate in the diffuse uppermost region of a spriteapproximately as 5-50 kmaday or 150-1500 kgday. The
might need a different approach, the filling factor becomingyearly production is thus up to $dmolecules. As shown
the ratio of the ionisation induced by the sprite glow to below in Table2, this source is comparable to the strato-
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spheric solar proton event production during solar minimum, In the second, more common case of zonally averaged
but much smaller than the global production by cosmic rayssprite NGQ;, one may assume that all sprites occur over the
or proton events at solar maximum. tropics, i.e. a surface of about 2600° km?, which is a fac-

As for blue jetsMishin (1997 has stated an ozone deple- tor 10 larger than the adopted sprite area (5040 km).
tion on the order of a percent per event. The number of event§:ccounting for a night of sprite activity at the average rate
observed to date is low. As mentioned, it is an open questiorPf three sprites per minute (or 1800 per 10h) estimated by
whether this is due to the rareness of blue jets or the diffi-'lgnaccolo et al(2006), the NG enhancement due to sprites
culties of observing blue emissions in the lower atmospherecan then be considered to be at a maximum on the order of
in presence of clouds. Blue jets can have a significant im-0-01%, i.e. clearly insignificant.
pact only if they occur frequently. In connection with blue ~ The results agree qualitatively with the laboratory study
jet events, strong mixing between the troposphere and th@resented byPeterson et al(2005, who concluded that

stratosphere in the MCSs is also likely to occur. sprites produce less Nper event than lightnings. Com-
pared with lightning discharges, the time scale of sprite

streamer propagation is short and there is to current un-
derstanding little possibility of producing energetic oxygen

) o atoms. However, as was early suggeste®iparin (1952,

The effect of sprite events depends on the dilution by transyischarge processes taking place in the reducing atmosphere
port of the affected air volume and on the rate of sprite 0c-of early Earth may account for the production of the basic
currences (i.e. the sprite NGource). At the heights consid- gypstances of life, such as amino acids. This was confirmed
ered, meridional and vertical transport, as well as transporf, the now famous experiments bfiller (1953 and by oth-

by eddy diffusion have timescales of days to months (see €.Gars a5 well. Since then, the speculation on the role of such
Brasseur and Solomoi2003. Zonal transport timescales processes has continued. It seems that the short-lived nature
can be as short as a few hours depending on latitude and segt 1| Es would make them less important than lightning also
son, and thus dominate. Typical zonal winds of a few tensjy this kind of processes, because of the long timescales of
of m/s (see e.gRandel et al.2004 corresponds to a few  the reactions involved, unless there be significant heating by
thousand kilometres of transport during one night. Cons'der'continuing currents also in sprites and jets. We may therefore
ing the distribution of sprite occurrences to resemble that of;o5ume that although the global effects of TLE discharges are
lightning activity, sprite NQ sources will be spread over the likely to be negligible on present-day Earth, these may pos-

continents mostly in the tropics. Clearly, depending on zonalipy he more important under other atmospheric conditions
winds, one may have either a situation of accumulation ofsq,nd on early Earth or other planets.

sprite NQ, over individual convective mesoscale systems or
one close to zonally averaged. Let us briefly comment ons 3 Other variable NQsources
these two extreme situations.

In the first case of buildup above a MCS, one may assumeéDxidation of nitrous oxide (MO) is the major global source
transport to be very inefficient, as the wind speed is onlyof middle-atmospheric NQ but occurs mainly below 50 km
few m/s at the zero wind line close to the equator aroundsince NO is transported from the troposphere, where it has
solstice or at the tropical edges around equinox. The highboth natural and artificial sources. Solar-terrestrial coupling,
est numbers of sprites have been observed above MCSs oven the other hand, gives rise to long-lived middle and upper
the U.S. High Plains (e.d.yons 2006, with peaks of 750 atmospheric N§ sources other than photochemistry, which
sprites during a 5-hour storm. If sprite N@erturbations are  are significant globally especially at high latitudes. Many
persistent over one night, the minimal displacement due tcstudies of satellite data (e.§erronen et al. 2002 2005
transport over the same period will be of the order of 200 km.Sepgla et al, 2007 have confirmed that solar proton events
Thus, assuming a sprite region of at a minimum 260 km are an important source of N®oth in the mesosphere and
and the above sprite area and filling factors, the 750 spritesn the stratosphere, as pointed out for exampleCoytzen
can almost fill the volume above the MCS completely. Thiset al.(1975. In the polar regions, the aurora is also a sig-
implies that the local NQenhancements above the adopted nificant NQ; source which is more or less continuous but
thunderstorm region could reach 50%-500% at the altitudehighly variable. NQ from auroras and SPEs is long-lived in
of minimum background density close to 70km. Clearly, the winter polar vortex where it subsides to lower altitudes
NOy changes of this magnitude are observable even afteand subsequently dissolves to lower latitudes as well. This
mixing with the surrounding air. Even in this case, ozone has been confirmed e.g. Bfilverd et al.(2006 andSepgla
changes would be small. Furthermore, the required combiet al. (2007). Table2 gives a summary of the SPE and cos-
nation of large active MCSs and almost zero wind will occur mic ray sources. Transport from the thermosphere is a source
for afew days per year, given a transition time of a few weeksof similar magnitude especially in the Southern polar vortex
around equinox or solstice and at most a few large thunder{Vitt et al., 20009. Comparing with the magnitude of these
storms per week. sources, which all affect sprite altitudes, is clear that global

5.2 Transport of NQ
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Table 2. Model estimates of stratospheric and mesospheric total odd nitrogen sources, based on the modeVatahdtlackmarf1996.

The values are total N which includes also terminal reservoir species such as nitric agi@gNand chlorine and bromine nitrate. For

this comparison we assume that Oy in the middle atmosphere. Transport from the thermosphere, where odd nitrogen is produced by
photochemistry and auroral electrons, is significant mainly at high latitudes. In the stable Antarctic polar vortex the descent of thermospheric
odd nitrogen into the stratosphere is comparable with the GCR source, or a few percent of the total high-latitude\biti@get., 2000h

Vitt et al., 20003.

Source Stratosphere Mesosphere
(moleclyear) Min Max Min Max

Solar proton events  .Bx1030  33x103% 45x103°0 51x1033
Galactic cosmic rays .8x 1033  3.7x1033 - -
N,O 31x1034 35x10% - -

Current sprite model 11031

averaging of the sprite source is nonsensical unless the asuch magnitudes (implying tenfold or higher N@creases)

tual occurrence rate would turn out to be much (1-2 orderswould also very likely have been easily detected, whereas in

of magnitude) larger than the current estimates. practice many satellite measurements are required to obtain
statistically significant signatures of possible spriteN\d@o-

duction, as we demonstrate in Arnone et al. (2068b)
6 Conclusions

Comparing the present model results, as well as observadppendix A
tional and laboratory evidence, with the estimated majog NO
sources suggests that sprites are of little global chemical sigModifications in SIC 7.3
nificance. Locally, over large MCSs during limited periods _ . . . . .
of time, tens of kilogrammes of NOcould be produced in This appen_dlx summarises t_he a_ddmons specn‘lc to _the_SIC
small volumes 4100 km scale size). The Envisat/MIPAS modell version 7.3., notdescrlbgd m_the prewous pupllcauons
observations (Arnone et al., 2008kalso support this con- applying SIC version 6 and earlier, listed in the thesi&/bs
clusion, as small enhancements (some 10%) of M@re  onen(2008.
detected at 52km over large thunderstorms. This sourc
can be significant only locally during the periods of low
V‘f[!”d spr(]aed bar_?;nd ??\IUSFO”E‘I'. e?u(ljnoxl or m":"?t'tUdeldSO"The following %xcited spec3ies can be giv?fan asinputto SIC 7:
stice, when buildup o in a limited volume of air wou + + 1
be possible. Othepr transient sources of N\iDe the aurora NZ(lv)' N2 (A 12”)’ NZ(A/EUL‘))' NZ(B;, o). NZ(as HE)'

. . o 2(@7 %), No(W=Ay), N2(B*Z ), N2(W=Ay), N2(E° X)),
and solar proton events at high latitudes and intrusions Osz(d’lsz) and Ny(CIT,)
N2O from the troposphere at low latitudes. Although vari- The m%ir'I purpose is ;Jo allow cascading to the metastable

a_ble_, _these sources are persistent and therefore much moﬁez(Aﬁj) state to be treated as pseudo-reactions of these
significant than sprites.

: . ) components. and Nb(A3S | v) represent a crude pa-
Blue jets are much more long-lived than sprites and P bLv) N u: V) rep P

o ) rameterisation of the dependence of reaction rates on the
the possibility t.hat the aforementioned N@nhancements vibrational state, allowing these components to react faster
observed by airborne measurements above thunqlerst_orn}ﬁan the non-vibrationally-excited states.

(Baehr et al. 2003 were produced in situ by blue jets is O (al ; ; :
T o : 2(aAg) is already included in SIC 6.

certainly intriguing. Mishin (1997 concluded that a single
blue jet may destroy a few percent of the ozone locally. Ac-A1.1  Cascading
cording to available observations, the jets are more rare than
sprites and would therefore neither be of any large global im-Most of the excited molecular nitrogen states will cascade
portance. rapidly to the metastablej\glA3Zj) state. To ensure this to

Finally we once again point out that the uncertainties of thework we include the de-excitation channels as reactions (Ta-
present model, arising from omitted processes and unknowile A1) with arbitrary but sufficiently high rate coefficients.
reaction rates, are potentially very large, a fact that does notVe disregard the very large dependence on vibrational levels
change the conclusions on the global significance of spritesand instead use the Einstein coefficients of the most likely
since not even NQdensity enhancements some orders oftransitions to provide an upper estimate ng(AISEj) pro-
magnitude higher than those presented here would make tha@uction. The Einstein coefficients of transitions in Are
sprite source globally significant. Local enhancements oflisted inGilmore et al.(1992.

A1 Excited species
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Table Al. Deexcitation of excited states. N.B.: These rates are estimated from the Einstein coefficients of the fastest vibrational transitions,
to provide a maximal estimate of the production of the metasta@(e\?@;r) state. SourceGilmore et al(1992

Reaction Upper state Lower state Rate coefficient
D1 N(P) - Ny 0.0062
D2 NEP) - N(?D) 0.053
D3 N(°D) - N 1.9¢705
D4 Ot (2P) - ot 0.0522
D5 ot (2P) - 0" (?D) 0.0907
D6 ot (D) N ot 0.000159
D7 ods) - o(D) 1.26
D8 ods) - o} 0.0754
D9 odD) - o} 0.00182
D10 Nt(1s) - Nt (D) 1.17
D11 NT(s) - NT 0.0315
D12 Nt (ID) - NT 0.00272
D13 NyA3z)) - N> 0.5
D14 Ny(A3z}f,v) — Na(v) 0.52

D15  O@tAg) — 0, 0.000258
D16  Np(B3Mg) —  Np(A3Zif,v) 50000
D17  Np(C3m,) —  Np(B3I) 5000000
D18 NyE3zZf) - Np(A3Zf.v) 500
D19  MNy(B®xz,) —  NpB3M) 50000
D20  Np@,) - No 5000
D21 7 (A%IT,)  — of 200000
D22 gtz - og(aﬁnu) 200000
D23  NOA’Z) — NO 100000
D24  NO(Bm) — NO 100000
D25 NO(GX) — NO 100000
D26  NI(A2r1,) — NS 50000
D27 NE(BZE;,*) - Ng 5000000
D28  Np(W3A,)  —  Np(B®I) 200

Al.2 Reactions of excited states Al.5 Recombination

The following tables (Table®\2, A3 and A4) list the re-  TableA4 lists rates of recombination of the new positive ions
actions of excited states in SIC 7.3 with rate coefficients.included in SIC 7.

The coefficients of reactions not already included in SIC 6

are rough estimates based on available measurent@ipey (A2 Externally calculated rates

et al, 19814ab; Slanger and Blackl981;, Thomas and Kauf- . . .

man 1985 Thomas et a).1987 Pavlov and Buonsanto T_he_mod_el |_nclgdes routl_nes tp r_ead and include rates of ex-
1996. These studies list only total quenching rates ef N citation, ionisation ar_1d dissociation obMnd & calcul_ated

so the branching into different products must be estimatedPy the external Bolsig modePjtchford et al, 1981 driven

The branching ratios are taken fré@wider(1976), although ~ PY €lectric fields calculated from ISUAL data.

this is not much more than an educated guess. A2.1 Branching of oxygen dissociation

Al.3 Positive ionr ion . L
3 Positive ion reactions There are three possible branches gfdisociation:

TableAZ2 lists the reactions of excited positive ions included 0, — 20 (R3)
inSIC 7.
0, - 0+ O('D) (R4)

Al.4 Neutral-neutral reactions 0, — 20('D) (R5)

Table A3 lists reactions of the new excited neutral compo-
nents included in SIC 7.
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Table A2. Reactions of excited positive ions included in SIC 7.

C.-F. Enell et al.: Chemical effects of sprites

Reaction Reactants Products Rate coefficient
P1 (@1I,)+N, — NI+0, 2.0x10710
P2 (a%11,) + O - og* +0 10x10-10
P3 b*s)+Ny - r\r2F +0y 2.0x10710
P4 (b*z,)+0 - o?F +0 10x10°10
P5 (A%T1,) + Ny — N?’L +0y 2.0x10710
P6 (A%,)+0 - og* +0 10x10-10
P7 (A%1,)+O — NOT +N(D) 1.4x1010x(300/7)044
P8 (A%T1,)+0 —> Ot +Ny 9.8x10~12x (300/ T)0-23
P9 (A2I,)+0, — Of +Np 5x10~11x 300/ 7)0-8

P10 (A%11,) +NO — NOT + Ny 3.3x10710

Table A3. Reactions of the new excited neutral components included in SIC 7. ﬂm)[\[)(lD) and Q(lAg) states are included in SIC 6.

Reaction Reactants Products Rate coefficient
N1 Ny(v)+ Oy - Np+O 10-16
N2 NyA3Z)+0, — Np+Oy 0.2x2.5x10712
N3 Ny(ASZ,)+0, — Ny+0+0 02x2.5x10712
N4 Np(A3Zf)+0, —> NyO+O 04x25x10712
N5 Np(ASzF)+0, — N,O+0(@D) 0.2x2.5x10°12
N6 Np(ASZ 1)+0, — Ny(AzZ)+0, 10°16
N7 Np(ASZ 1)+0, — Ny+Op 0.2x4.5x10712
N8 Np(A3Z1)+0, — Ny+0O+O0O 02x4.5x10712
N9 Np(ASZ 1)+0, — NyO+O0 04x4.5%x10°12

N10 Ny(A3ZF 1) +0, — N0 +0(@D) 0.2x4.5x10712
N1l Np(v)+O & Np+O 107 x 10105 ,—69.9/T%/2
N12 Ny(A3Z)+0O -~ Np+O 0.05x2.8x10711
N13 Ny(A3zH)+0 — Ny +0(D) 0.05x2.8x10°11
N14 Ny(A3zH)+0 — Ny +0(s) 02x2.8x10°11
N15 Ny(A3ZH)+0 — NO+N 03x2.8x10°11
N16 Ny(A3Z)+0O — NO+NED) 0.4x2.8x10711
N17 Ny(A3Zf»)+O0 - Ny+O 0.05x5.0x1011
N18 Ny(A3ZF»)+0 — Ny+0(lD) 0.05x5.0x10-11
N19 Ny(A3SF 1) +0 — Np+O0@S) 02x5.0x10~11
N20 Ny(A3ZF1»)+O0 — NO+N 03x5.0x10"11
N21 Ny(A3ZF)+0 - NO+NED) 0.4x5.0x10711
N22 O, +0(1s) -~ 0+0 3x10°13
N23 O@tAg)+0(S) — 0+0 17x1010
N24 Np(@lxz) + Ny —  Np+Ny 1.9x10°13
N25 No@@lxz)+0, - Np+O 2.8x10711
N26 Np(B3I,) + Op - Np+O 2x10710
N27 Np@1Zf)+0; - Np+Op 2.8x10°11
N28  Np(wla,)+ 0O, - Ny+O 2.8x10°11

Ann. Geophys., 26, 127, 2008
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Table A4. Recombination of new positive ions in SIC 7.

Reaction Reactants Products Rate coefficient
Rel O +e - 0+0(S) 01x22x10""x(300/Te)®
Re2 O'(?P)+e -~ Ot+e 3x10°8
Re3 O@@'m,)+e — Of+e 1x10~7
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