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Abstract1

The chemical processes in daytime sprite streamers in the altitude range of 30–54 km are inves-2

tigated by means of a detailed ion-neutral chemistry model (without consideration of transport).3

The focus lies on nitrogen, hydrogen and oxygen species, and in particular on ozone pertur-4

bations. Initial effects of the breakdown electric fields at the tip of sprite streamers include a5

short-term loss of ozone due to ion-chemical reactions, a production of nitrogen radicals, and a6

liberation of atomic oxygen. The latter leads to a formation of ozone. In terms of relative ozone7

change, this effect decreases with altitude. The model results indicate that the subsequent ozone8

perturbations due to daytime sprites streamers differ considerably from the ones of nighttime9

events. For nighttime conditions, reactive nitrogen produced at the streamer heads is rapidly10

converted into significantly less reactive NO2, and there is basically no ozone depletion. The11

situation is different for daytime conditions where NOx causes catalytic ozone destruction. As12

a consequence, there is significant ozone loss in sprite streamers in the daytime atmosphere,13

in particular at higher altitudes. At an altitude of 54 km, ozone in the streamer column has14

decreased by about 15 % fifteen minutes after the sprite event.15



1 Introduction16

Sprites are transient luminous discharges in the mesosphere occurring above active thunder-17

storms. Since Franz et al. (1990) reported on the detection of such an event, numerous sprite18

observations have been made from aircraft (Sentman et al., 1995), from space (e.g. Boeck et al.,19

1995; Chen et al., 2008), and by ground-based instruments, see Neubert et al. (2008), and refer-20

ences therein. Almost all sprites are associated with positive cloud-to-ground (+CG) lightning21

discharges (Boccippio et al., 1995), and it is well established that sprites are triggered by the22

underlying lightning. The initiation of sprites can be explained by conventional air breakdown23

at mesospheric altitudes caused by lightning-driven electric fields, e.g. Pasko et al. (1995); Cho24

and Rycroft (1998).25

There are different types of sprites, and they can be classified based on shape, size, and26

structure, e.g. Bór (2013). Generally, sprites consist of three regions. There is a diffuse upper27

part (sprite halo), a bright transition region, and a lower streamer region, e.g. Pasko et al. (1998);28

Pasko and Stenbaek-Nielsen (2002). However, halo and streamers are not observed in all sprite29

events. Their development depends on the parameters of the parent lightning events, e.g. Adachi30

et al. (2008). Streamers are self-sustaining plasma filaments. Once formed, they can propagate31

through an under-voltage regime, i.e. regions where the ambient electric field is significantly32

smaller than the breakdown electric field. Typically, sprite streamers are initiated at altitudes33

∼ 70–85 km, and propagate downwards for several kilometers (Moudry et al., 2003; Cummer34

et al., 2006; McHarg et al., 2007). Upward propagating streamers, when present, develop later35

and from lower altitudes, e.g. Cummer et al. (2006); Stenbaek-Nielsen and McHarg (2008).36

During day, the ionospheric conductivity is significantly higher than at night and conventional37

breakdown is prevented at mesospheric altitudes. Therefore, daytime sprites have to be initiated38

at lower altitudes. Due to the higher atmospheric density, larger electric fields are required to39

cause air breakdown. As a result, only exceptionally large lighting events can trigger daytime40

sprites (Stanley et al., 2000). Additionally, sprites occurring in the sunlit atmosphere might be41

difficult to observe by optical devices. As far as the authors know, there are only three published42

reports on daytime sprites. All of them have been detected by non-optical methods: Stanley43



et al. (2000) have discovered three daytime sprites by their signatures in the electromagnetic44

extremely low frequency band. Farges et al. (2005) have detected infrasound signals of three45

daytime sprites. Kumar et al. (2008) measured electromagnetic perturbations in the very low46

frequency regime during day, and tentatively related them to sprite or elve events. All of these47

events occurred within a few hours after sunrise, or a few hours before sunset.48

It is well established that atmospheric discharges have chemical effects. In particular there49

is a formation of reactive nitrogen species, and a liberation of atomic oxygen. Both of which50

eventually affect the ozone chemistry, e.g. Borisov et al. (1993). Tropospheric lightning is a51

well-known source of reactive nitrogen, e.g., Price et al. (1997), and in recent years, the chem-52

ical impacts of sprites gained some interest. There have been attempts to find sprite induced53

enhancements of nitrogen species in the middle atmosphere by exploiting satellite data (Rodger54

et al., 2008; Arnone et al., 2009). On the other hand, a number of model studies on the chemical55

impacts of sprites have been presented, e.g. Sentman et al. (2008a); Gordillo-Vázquez (2008);56

Hiraki et al. (2008); Enell et al. (2008).57

To the authors’ best knowledge, until now there are only two publications touching the chem-58

istry of daytime sprites. Hiraki et al. (2004) have modelled the production of O(1D) in nighttime59

and daytime sprite halos, and Evtushenko and Mareev (2011) simulated sprite events for night-60

time as well as daytime conditions. Both of these studies dealt with the diffuse region of sprites61

but not with streamers which are thought to significantly contribute to the chemical impact of62

sprites.63

The present work is devoted to the investigation of chemical effects in the streamer zone of64

a daytime sprite. For this purpose, an ion/neutral chemistry model has been set up. In order65

to realistically simulate daytime conditions, the model includes photo-reactions of charged and66

neutral species. The model is applied to atmospheric conditions similar to the daytime sprites67

detected by Stanley et al. (2000).68



2 Sprite chemistry69

The electric fields in sprites drive electron impact ionisation, dissociation and excitation of air70

molecules and atoms. Due to the large abundance of N2 and O2, the main ionisation processes71

are:72

N2+e→ N2
++2e (R1)73

→ N++N+2e74

O2+e→ O+
2 +2e. (R2)75

→ O++O+2e,76

where the reaction products can be in their ground states or in excited states. Free atoms in77

ground state and excited states result also from dissociative electron impact:78

N2+e→ N+N+e (R3)79

O2+e→ O+O+e. (R4)80

Additionally, collisions of electrons with N2, and O2 produce electronically/vibrationally ex-81

cited molecules. Furthermore, electric fields facilitate electron attachment. Of particular impor-82

tance is the reaction83

O2+e→O−+O. (R5)84

The released reactive species initiate rapid ion/neutral reactions. Due to the complexity of air85

plasma reactions, detailed models are required to assess the subsequent chemical effects of86

discharges in air, e.g. Kossyi et al. (1992). The chemistry of sprites has been simulated in87

some detail. Sentman et al. (2008a) used an elaborate plasma chemistry model of more than88

80 positive, negative and uncharged species to investigate the impact of a single sprite streamer89

at 70 km. Later, Sentman and Stenbaek-Nielsen (2009) expanded the model by considering90

the weak electric fields in the trailing column of the sprite streamer. Gordillo-Vázquez (2008)91

used a full time-dependent kinetic model of more than 75 ions and neutral species to simulate92

in detail the effect of a sprite streamer at three different altitudes in the upper mesosphere.93



Hiraki et al. (2008) modelled the impact of a sprite streamer on the positive ion chemistry in the94

mesosphere. Enell et al. (2008) have studied chemical effects of sprites on neutral compounds,95

considering both positive and negative ion reactions.96

All of the model studies just mentioned were carried out for nighttime conditions. For the97

intended simulation of daytime sprite streamers, the photo-reactions of ions and neutral species98

have to be taken into account.99

3 Model description100

An atmospheric ion/neutral chemistry model has been set up to simulate a daytime sprite event101

similar to the ones reported on by Stanley et al. (2000). For nighttime sprites it is known that102

the onset altitudes of streamers are in agreement with the calculated altitudes of conventional103

breakdown, e.g. Fernsler and Rowland (1996); Hu et al. (2007); Gamerota et al. (2011). The104

working hypothesis here is that the same applies to the considered daytime sprite, i.e. that105

streamers are initiated at the estimated conventional breakdown altitude of 54 km (Stanley et al.,106

2000). This is motivated by the following consideration. For all three events detected by Stanley107

et al. (2000) there was a time lag between the triggering +CG stroke and the sprite onset of more108

than 10 ms. Therefore, the dielectric relaxation time constant at 54 km cannot have been much109

smaller than 10 ms. On the other hand, the characteristic time for the development of a streamer110

is of the order 1 ms at 54 km (Pasko et al., 1998). Consequently, streamer formation is expected111

to have taken place at that altitude. The lower terminal altitude of the daytime sprites was112

estimated to be about 30 km (Stanley, 2000). Accordingly, the model is applied to the streamer113

zone in the altitude range 30–54 km. The perhaps existing sprite halo is not considered.114

3.1 Streamer parametrisation115

In general, the electric field at the streamer head is significantly higher than the ambient field.116

As a result, the chemical perturbations in a sprite streamer zone are mainly driven by the fields117

at the streamer tips, e.g. Sentman et al. (2008a). The effect of the weaker electric fields in118



the streamer columns are modest compared to the impact at the streamer head (Sentman and119

Stenbaek-Nielsen, 2009). As streamer dynamics is outside the scope of this paper, the streamer120

parameters have to be prescribed. The electric field at a point passed by the streamer head is121

modelled as a boxcar field pulse of amplitude E. Its value is based on the scaling relation given122

by Raizer et al. (1998):123

E=1.5×105Vcm−1(N/N0), (1)124

where N is the air number density at the considered height, and N0 the corresponding value at125

the Earth’s surface. The number density of electrons ne produced in the streamer tip is given by126

(Raizer et al., 1998):127

ne=1014cm−3(N/N0)
2 . (2)128

3.2 Electron impact129

The model accounts for the electron impact reactions with N2 and O2 given in Table 1. The130

rate coefficients for the electron impact reactions can be expressed as functions of the reduced131

electric field E/N with E being the electric field strength, and N the air density. The reaction132

coefficients have been calculated with the Boltzmann solver BOLSIG+ (Hagelaar and Pitch-133

ford, 2005). Additionally, the associative electron detachment process O−+N2→N2O+e134

is considered using the reaction rate coefficient as a function of E/N given by Luque and135

Gordillo-Vázquez (2012). This approach is justified if the electron energy distribution func-136

tion (EDF) is close to the steady-state EDF. Gordillo-Vázquez (2008) has demonstrated that the137

EDF relaxation time is indeed small compared to the typical pulse duration of a streamer tip.138

Therefore, using the steady-state electron impact rate coefficients for a given E/N is a suitable139

approach to model the processes in streamers.140

3.3 Chemistry141

In order to simulate the chemical effects of sprite streamers, a model of the relevant chemical142

processes has been developed. The considered 91 species are given in Table 2. The change in143



the concentration of a species ni(cm−3) with time is modelled as144

dni
dt

=Pi− lini (3)145

where Pi(cm−3s−1) is the production rate, and li(s−1) is the loss rate coefficient of the ith146

species, respectively. Concentration changes due to transport processes are not considered.147

This is a similar approach as taken by Sentman et al. (2008a) and Gordillo-Vázquez (2008).148

It is valid for the early phase after the passage of a streamer head. Sentman et al. (2008a)149

estimated the characteristic timescale for diffusion in sprite streamers, and defined an upper150

limit of ∼ 1000 s for sprite streamer simulations neglecting diffusion processes. Therefore, the151

model results presented in this paper are limited to 15 min after the passage of the streamer152

tip. Loss and production terms have been added to the model so that a chemical steady state is153

achieved if no electric breakdown takes place (in order to avoid a drift of the model due to the154

missing atmospheric transport processes).155

The Eq. (3) constitutes a system of coupled ordinary differential equations. It is solved by156

means of the semi-implicit symmetric method (Ramaroson, 1989; Ramaroson et al., 1992).157

Electrons are known to rapidly thermalize in the streamer trailing columns (Sentman et al.,158

2008a). Accordingly, the ambient atmospheric temperature is used as the kinetic temperature159

of electrons and all other species behind the streamer tip. Thermodynamic effects such as160

collisional, chemical or radiative heating are not considered. This is the same approach as the161

one of Gordillo-Vázquez (2008); Sentman et al. (2008a).162

The model accounts for electron impact processes (Table 1), photo-reactions discussed below,163

and ion/neutral reactions listed in the supplement to this paper. Most of the reactions, and rate164

coefficients are taken from Kossyi et al. (1992); Kazil (2002); Gordillo-Vázquez (2008) and165

Sentman et al. (2008b).166

The model is initialised with profiles of pressure, temperature, and trace-gas concentrations167

originating from a two-dimensional atmospheric chemistry and transport model (Winkler et al.,168

2009). The atmospheric background ionisation due to galactic cosmic rays is parametrized as169

in Lehtinen and Inan (2007).170



A few remarks are in order concerning some of the modelled species. Following Kossyi171

et al. (1992) it is assumed that the species N2O
+
2 formed in collisions of O+

2 or O+
4 with N2 is172

the cluster ion O+
2 (N2). The isomerization barrier between O+

2 (N2) and NO+(NO) is higher173

than the dissociation energies (Bowers et al., 1983). Therefore, it is assumed that collisional174

dissociation, and recombination of N2O
+
2 leads to O2 and N2. The species H2O

−
2 is assumed to175

be the ion-dipole complex O−(H2O) and not the slightly less stable OH−(OH), see e.g. Deyerl176

et al. (2001). Similarly, H2O
−
3 and H2O

−
4 are treated as O−

2 (H2O) and O−
3 (H2O), respectively.177

The model has been tested by comparison with the well-documented model results of Gordillo-178

Vázquez (2008), and Sentman et al. (2008a). Generally, there is very good agreement with the179

results of those model studies if the simulation parameters are the same. In particular this in-180

cludes the electric field pulse, the rate coefficients of the electron impact reactions, and the181

concentration of the seed electrons. A study on the impact of those parameters on sprite chem-182

istry simulations will be published elsewhere.183

For the calculation of photo-dissociation and photoelectron detachment rates, the radiative184

transfer module of an atmospheric chemistry model (Winkler et al., 2009) is used. It originates185

from the model of Chipperfield (1999), and is based on the scheme of Lary and Pyle (1991).186

The calculation of photolysis rates of neutral compounds was already part of the model (C-187

177 to C-190 in the reaction scheme in the supplement to this paper). The model considers188

photoionisation of nitric oxide by solar Lyman-α radiation. Emissions from excited species are189

not accounted for.190

Photo-destruction and photoelectron detachment of ions were added to the model. The rates191

for these processes are calculated using the actinic flux provided by the radiative transfer mod-192

ule, and cross section data from the literature. This is the same approach as in Winkler and193

Notholt (2013). The considered ion-photo reactions are listed in Table 3. For the negative chlo-194

rine clusters Cl−(H2O), Cl−(CO2), and Cl−(HCl) no photo-dissociation cross section could195

be found in the literature. The same applies to O−(H2O). Motivated by Ho et al. (1990), the196

photo-dissociation rates of these species are set equal to the rate of NO−
3 (H2O) calculated with197

the cross section data of Smith et al. (1979a); Hodges et al. (1980). Symmetric cations and198

O+
2 -clusters are known to have large photo-dissociation cross sections, but NO+-clusters and199



H3O
+-clusters have small cross sections (Smith et al., 1977; Smith and Lee, 1978). Therefore,200

only photo-destruction of N+
4 , O+

4 , and O+
2 (H2O) is considered in the model.201

4 Results202

Corresponding to the first daytime sprite event detected by Stanley et al. (2000), the model203

simulations were performed for latitude 27.5◦ N, 14 August, 4.41 p.m. local time, almost two204

hours before sunset (solar zenith angle ∼ 65◦). Figure 1 shows the modelled evolution of the205

electron density under the influence of the electric field pulse at the tip of a streamer at 31 km,206

42 km, and 54 km. At all altitudes there is a rapid increase of the electron density by orders207

of magnitude during the pulse. The peak electron density is largest at 31 km, and smallest at208

54 km. This is because the number of electrons produced in the streamer tip scales with the209

square of the air density (Eq. (2) in Sect. 3.1). The relaxation to background values is faster210

at lower altitudes due to pressure dependent electron loss reactions such as attachment to O2211

and three-body recombination with positive ions. If not stated otherwise, the results presented212

in the following are for an altitude of 42 km. Figure 2 depicts the concentrations of electrons213

and the most abundant negative ions as a function of time. The electrons liberated during the214

electric field pulse undergo attachment to O2, and after ∼ 1ms, O−
2 has become the principal215

anion. Eventually CO−
3 and CO−

4 are formed. A few seconds after the electric field pulse,216

the total charge density is back to pre-breakdown values. In comparison to higher altitudes217

(Gordillo-Vázquez, 2008) the peak ion concentration is higher but the “ionic phase” is shorter.218

The main positive ions are shown in Fig. 3. Just after the electric field pulse, N+
2 is the most219

abundant cation. Rapid charge exchange with O2 leads to a production of O+
2 from which220

heavier cluster ions are formed. The abundance of N2O
+
2 (not shown) is always small. This221

is in contrast to the sprite model predictions of Sentman et al. (2008a) and Gordillo-Vázquez222

(2008). The reason for this are the additionally included loss reactions with N2 and O2 (Kossyi223

et al., 1992), as well as with H2O (Howard et al., 1972) (P-53 to P-55 in the reaction scheme in224

the supplement to this paper). On the short time scale of the “ionic phase”, photo-processes turn225

out to be negligible. The results (not shown) of a test simulation with deactivated photoelectron226



detachment and photo-dissociation do basically not differ from the results just presented.227

In the remaining section, the impact of the sprite streamer on neutral species will be dis-228

cussed. The focus lies on nitrogen, hydrogen and oxygen, and in particular on ozone pertur-229

bations. In order to compare the chemical effects in a daytime sprite streamer with those in230

a nighttime sprite streamer, an additional simulation was carried out for midnight (same loca-231

tion, same day). In Fig. 4 the response of oxygen species to the electric field pulse is shown232

for both daytime and for nighttime conditions. The concentration of atomic oxygen increases233

due to electron impact dissociation of O2, but it is always significantly smaller than the con-234

centration of O3. The lifetime of the ground state atomic oxygen produced during the electric235

breakdown is of the order of a few seconds. For daytime conditions, there is a small concentra-236

tion of atomic oxygen before and after the sprite event, mainly due to photolysis of O2 and O3.237

This is important for the interaction of oxygen and nitrogen species as discussed below. The238

evolution of the most important hydrogen species is shown in Fig. 5. As a result of the electric239

breakdown, there is significant production of hydroxyl molecules, followed by an increase of240

HO2. After a few minutes, the concentration of OH is basically back to pre-breakdown values,241

HO2 has started to decreased again, and H2O2 has increased. All this is similar for both day-242

time and nighttime events. On the contrary, concerning nitrogen species, there are considerable243

differences between daytime and nighttime as shown in Fig. 6. Electron impact dissociation244

of N2 leads to a significant increase of nitrogen atoms followed by a rapid production of nitric245

oxide. An important subsequent reaction of nitric oxide is the destruction of ozone molecules:246

NO+O3→NO2+O2. (R6)247

In the nighttime atmosphere, NO2 is rather stable. It becomes the principal NOx species a few248

seconds after the electric breakdown. The concentration of NO decreases continuously (Fig. 6).249

In contrast to that, in the daytime atmosphere there are reactions converting NO2 back into250

nitric oxide, in particular:251

NO2+O→NO+O2, (R7)252

and253

NO2+hν→NO+O. (R8)254



As a result, NO is recycled back from NO2, and the Reactions (R6), and (R7)/(R8) constitute255

a catalytic ozone destruction cycle. Figure 7 shows the most important loss reactions of ozone256

for the daytime sprite streamer. It can be seen that, after a few seconds OH + O3 is the main257

ozone sink, and after some minutes it is Reaction (R6). While the former also takes place in the258

nighttime case, the latter is basically missing in the nighttime atmosphere as almost all NOx is259

in form of NO2 after some minutes (Fig. 6). Therefore, the impact of a daytime sprite streamer260

on ozone differs from the effect of a nighttime sprite streamer. This is clearly demonstrated261

in Fig. 8 where the relative change of ozone in the sprite streamer at three selected altitudes is262

shown. While there is basically no effect on O3 at 54 km for the nighttime event, the catalytic263

ozone destruction during daytime causes a continuous decrease of ozone exceeding 15 % after264

15 min of model time. At lower altitudes, there is initially a decrease of ozone due to ionic265

ozone loss reactions, in particular those shown in Fig. 7. This is followed by an increase of266

ozone resulting from the liberation of oxygen atoms during the electric pulse. In terms of267

relative change, this effect increases with air number density N because the amount of oxygen268

atoms produced scales with the number of electrons behind the streamer tip (∼N2), whereas the269

atmospheric O3 roughly scales with N . During night, the enhanced ozone values are basically270

stable, but in the sunlit atmosphere, ozone eventually decreases (Fig. 8). The fact that the271

NOx catalyzed ozone decrease is less pronounced at lower altitudes can be understood by the272

following considerations: At lower altitudes, the three body reaction O+O2+M→O3+M is273

faster than at higher altitudes. This reaction produces ozone and competes with Reaction (R7).274

Furthermore, the NO2 photolysis frequency of Reaction (R8) is smaller than at higher altitudes.275

Therefore, the rate at which NO is recycled from NO2 is smaller at lower altitudes.276

In order to put the results into context, Fig. 9 shows the modelled diurnal cycle of ozone, and277

the streamer ozone values. In this Figure, the changes during the fifteen minutes of the streamer278

model time can hardly be resolved. However, it gives an impression of how the sprite streamer279

ozone changes compare to the diurnal variations. At 54 km, ozone has decreased by about280

250 ppb in the daytime sprite streamer after fifteen minutes. This values is of the same order281

as the diurnal ozone variation at that altitude. Again it is apparent that the nighttime event has282

basically no effect at 54 km. At 42 km, ozone increases by about 100 ppb in both nighttime and283



daytime streamer. In the daytime case this is followed by a rapid ozone decrease of more than284

100 ppb compared to the initial ozone value. At 31 km, the impact of daytime and nighttime285

streamer are very similar. Both of them lead to an ozone increase of almost 800 ppb.286

5 Summary and conclusions287

The chemical processes in daytime sprite streamers in the upper stratosphere have been inves-288

tigated by means of a detailed ion-neutral chemistry model. As transport processes such as289

diffusive mixing with ambient air are neglected, the simulations are limited to 15 min after the290

passage of the streamer tip. For comparison, additional model simulations for nighttime con-291

ditions have been carried out. The model results indicate that the ozone perturbations due to292

daytime sprites streamers differ considerably from the ones of nighttime events, in particular at293

higher altitudes.294

Initial effects of the breakdown electric fields at the tip of sprite streamers include a short-295

term loss of ozone due to ion-chemical reactions, and a production of atomic oxygen. The296

latter leads to a formation of ozone. In terms of relative ozone change, this effect decreases297

with altitude. Additionally, reactive nitrogen is produced at the streamer heads. For nighttime298

conditions, this reactive nitrogen is rapidly converted into significantly less reactive NO2, and299

there is basically no ozone depletion. The situation is different for daytime conditions where300

NOx causes catalytic ozone destruction. As a consequence, there is significant ozone loss in301

sprite streamers in the daytime atmosphere, in particular at higher altitudes. At an altitude of302

54 km, ozone has decreased by about 15 % fifteen minutes after the sprite event.303

Note that the presented model results give only a first indication of the chemical effects of304

daytime sprite streamers in comparison with their nighttime counterparts. For the assessment305

of chemical effects on longer time scales, mixing of the streamer gas with the ambient air will306

have to be taken into account.307
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Ions in O2/CH4/H2O mixtures from 3500 to 8600 Å, J. Chem. Phys., 70, 1727–1735, doi:10.1063/1.425

437690, http://link.aip.org/link/?JCP/70/1727/1, 1979.426

Lee, L. C., Smith, G. P., Moseley, J. T., Cosby, P. C., and Guest, J. A.: Photodissociation and pho-427

todetachment of Cl−2 , ClO−, Cl−3 and BrCl−2 , J. Chem. Phys., 70, 3237–3246, doi:10.1063/1.437897,428

http://link.aip.org/link/?JCP/70/3237/1, 1979.429

Lehtinen, N. G. and Inan, U. S.: Possible persistent ionization caused by giant blue jets, Geophys. Res.430

Lett., 34, n/a–n/a, doi:10.1029/2006GL029051, http://dx.doi.org/10.1029/2006GL029051, 2007.431

Luque, A. and Gordillo-Vázquez, F. J.: Mesospheric electric breakdown and delayed sprite ignition432

caused by electron detachment, Nature Geosci., 5, 22–25, doi:doi:10.1038/ngeo1357, http://dx.doi.433

org/10.1038/ngeo1357, 2012.434

Mandl, A.: Electron photodetachment cross sections of Cl− and Br−, Phys. Rev. A, 14, 345–348, doi:435

10.1103/PhysRevA.14.345, http://link.aps.org/doi/10.1103/PhysRevA.14.345, 1976.436

McHarg, M. G., Stenbaek-Nielsen, H. C., and Kammae, T.: Observations of streamer formation437

in sprites, Geophys. Res. Lett., 34, doi:10.1029/2006GL027854, http://www.agu.org/pubs/crossref/438



2007/2006GL027854.shtml, 2007.439

Moudry, D., Stenbaek-Nielsen, H., Sentman, D., and Wescott, E.: Imaging of elves, ha-440

los and sprite initiation at 1ms source time resolution, J. Atmos. Solar-Terr. Phys., 65,441

509–518, doi:10.1016/S1364-6826(02)00323-1, http://www.sciencedirect.com/science/article/pii/442

S1364682602003231, 2003.443

Neubert, T., Rycroft, M., Farges, T., Blanc, E., Chanrion, O., Arnone, E., Odzimek, A., Arnold, N.,444

Enell, C.-F., Turunen, E., Bsinger, T., Mika, ., Haldoupis, C., Steiner, R., Velde, O., Soula, S.,445

Berg, P., Boberg, F., Thejll, P., Christiansen, B., Ignaccolo, M., F/”ullekrug, M., Verronen, P.,446

Montanya, J., and Crosby, N.: Recent Results from Studies of Electric Discharges in the Meso-447

sphere, Surveys in Geophysics, 29, 71–137, doi:10.1007/s10712-008-9043-1, http://dx.doi.org/10.448

1007/s10712-008-9043-1, 2008.449

Pasko, V. P. and Stenbaek-Nielsen, H. C.: Diffuse and streamer regions of sprites, Geophys.450

Res. Lett., 29, doi:10.1029/2001GL014241, http://www.agu.org/pubs/crossref/2002/2001GL014241.451

shtml, 2002.452

Pasko, V. P., Inan, U. S., Taranenko, Y. N., and Bell, T. F.: Heating, ionization and upward discharges453

in the mesosphere, due to intense quasi-electrostatic thundercloud fields, Geophys. Res. Lett., 22,454

365–368, doi:10.1029/95GL00008, http://dx.doi.org/10.1029/95GL00008, 1995.455

Pasko, V. P., Inan, U. S., and Bell, T. F.: Spatial structure of sprites, Geophys. Res. Lett., 25, 2123–2126,456

doi:10.1029/98GL01242, http://www.agu.org/pubs/crossref/1998/98GL01242.shtml, 1998.457

Price, C., Penner, J., and Prather, M.: NOx from lightning: 1. Global distribution based on lightning458

physics, Journal of Geophysical Research: Atmospheres, 102, 5929–5941, doi:10.1029/96JD03504,459

http://dx.doi.org/10.1029/96JD03504, 1997.460
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Table 1. Electric field driven processes in the model. The reaction rate coefficients as functions of
the reduced electric field are calculated with the Boltzmann solver BOLSIG+ (Hagelaar and Pitchford,
2005), and cross section data from the literature. Only for the last reaction, the reaction rate coefficient
as a function of the reduced electric field is directly taken from the reference.

Reaction Reference(s)∗

Ionisation
e + N2 → N+

2 + 2 e 1, 2
e + N2 → N+ + N + 2 e 2, 3
e + N2 → N+ + N(2D) + 2 e 3
e + O2 → O+

2 + 2 e 5
e + O2 → O+ + O + 2 e 5
Attachment
e + O2 → O− + O 1
Dissociation
e + N2 → N + N + e 3, 4
e + N2 → N + N(2D) + e 3
e + N2 → N + N(2P) + e 3
e + O2 → O + O + e 6
e + O2 → O + O(1D) + e 5
e + O2 → O + O(1S) + e 7
Excitation
e + N2 → N2(A) + e 1
e + N2 → N2(B) + e 1
e + N2 → N2(a′1) + e 1
e + N2 → N2(a1) + e 1
e + N2 → N2(C) + e 1
e + O2 → O2(a) + e 1
e + O2 → O2(b) + e 1
Detachment
O−+N2 → N2O + e 8

[1] http://jila.colorado.edu/∼avp/collision data/ (download 3 January 2012); [2] Itikawa (2006); [3] Zipf
et al. (1980); [4] Cosby (1993a); [5] Itikawa (2009); [6] Cosby (1993b); [7] LeClair and McConkey
(1993); [8] Luque and Gordillo-Vázquez (2012).



Table 2. Modelled species.
Negative species

e, O−, O−2 , O−3 , O−4 , NO−, NO−2 , NO−3 , CO−3 , CO−4 ,
O−(H2O), O−2 (H2O), O−3 (H2O), OH−, HCO−3 ,
Cl−, ClO−, Cl−(H2O), Cl−(CO2), Cl−(HCl)

Positive species

N+, N+
2 , N+

3 , N+
4 , O+, O+

2 , O+
4 , NO+, NO+

2 , N2O
+, N2O

+
2 , NO+(N2), NO+(O2),

H2O
+, OH+, H+(H2O)n=1−7, H+(H2O)(OH), H+(H2O)(CO2), H+(H2O)2(CO2),

H+(H2O)(N2), H+(H2O)2(N2), O+
2 (H2O), NO+(H2O)n=1−3,

NO+(CO2), NO+(H2O)(CO2), NO+(H2O)2(CO2),
NO+(H2O)(N2), NO+(H2O)2(N2)

Neutrals

N, N(2D), N(2P), O, O(1D), O(1S), O3, NO, NO2, NO3,
N2O, N2O5, HNO3, HNO2, HNO, H2O2,
N2(A), N2(B), N2(C), N2(a1), N2(a′1), O2(a), O2(b),
H2O, HO2, OH, OH(v), H,
HCl, Cl, ClO,
N2, O2, H2, CO2



Table 3. Photoelectron detachment, photo-dissociation of ions, and photo-ionisation in the model. The
rate coefficients are calculated using cross section data from the references.

Reaction Reference(s)∗

Electron detachment
O− + hν → e + O 1,2
O−2 + hν → e + O2 1,2
O−3 + hν → e + O3 3
O−4 + hν → e + O2 + O2 1
CO−4 + hν → e + CO2 + O2 2,3
OH− + hν → e + OH 1
NO− + hν → e + NO 4
NO−2 + hν → e + NO2 2,5
NO−3 + hν → e + NO3 2,5,6
O−2 (H2O) + hν → e + H2O + O2 1
Cl− + hν → e + Cl 7,8
ClO− + hν → e + ClO 9
Decomposition
O−3 + hν → O− + O2 1,2,3
CO−3 + hν → O− + CO2 1,3,10
O−(H2O) + hν → O− + H2O see text
O−3 (H2O) + hν → O−3 + H2O 11
ClO− + hν → Cl− + O 9
Cl−(H2O) + hν → Cl− + H2O see text
Cl−(CO2) + hν → Cl− + CO2 see text
Cl−(HCl) + hν → Cl− + HCl see text
N+

4 + hν → N+
2 + N2 12,13

O+
4 + hν → O+

2 + O2 12,13
O+

2 (H2O) + hν → H2O
+ + O2 12,13

Ionisation
NO + hν(Lyman-α) → e + NO+ 14
∗ [1] Lee and Smith (1979); [2] Hodges et al. (1980); [3] Cosby et al. (1976); [4] Al-Za’al et al. (1986);
[5] Smith et al. (1979a); [6] Smith et al. (1978); [7] Mandl (1976); [8] Radojević et al. (1987); [9] Lee
et al. (1979); [10] Smith et al. (1979b); [11] Cosby et al. (1978); [12] Smith et al. (1977); [13] Smith and
Lee (1978); [14] Kull et al. (1997).
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Fig. 1. Modelled evolution of the electron number density in a daytime sprite streamer at three selected
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Fig. 3. Modelled evolution of the most abundant positive ions in a daytime sprite streamer at 42 km
altitude.
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Fig. 4. Modelled evolution of the volume mixing ratios of oxygen species in a sprite streamer at 42 km
altitude. Upper panel: daytime; lower panel: nighttime.
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Fig. 5. Modelled evolution of the volume mixing ratios of hydrogen species in a sprite streamer at 42 km
altitude. Upper panel: daytime; lower panel: nighttime.
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Fig. 6. Modelled evolution of the volume mixing ratios of nitrogen species in a sprite streamer at 42 km
altitude. Upper panel: daytime; lower panel: nighttime.
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Fig. 7. The four most important ozone loss reactions in a daytime sprite streamer at 42 km. Shown are
the two main (dotted) ionic and (solid) neutral processes, respectively.
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Fig. 8. Modelled change of ozone in sprite streamers at three selected altitudes. Upper panel: daytime;
lower panel: nighttime.
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Fig. 9. Modelled ozone as a function of local time for latitude 27.5◦ N, 14 August at three selected
altitudes. The solid black line shows the undisturbed diurnal cycle. Superimposed are the streamer ozone
values for the nighttime event (midnight, red), and the daytime event (4.41 p.m., blue). The dashed black
lines depict sunrise and sunset, respectively.


