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Abstract. In the polar regions, precipitation of solar high- sociation, and ion chemistry (s&nnhuber et al.2012 for
energy protons and electrons affects the neutral compositioa recent review). Precipitating particles are mostly protons
of the middle atmosphere. Here we use the Sodanlgh and electrons, which are released from the Sun in, for exam-
and Neutral Chemistry model to calculate ionic production ple, coronal mass ejections and arrive in the near-Earth space
and loss rates of neutral H@nd NG, species, imposed by with the solar wind. The Earth’s magnetic field guides these
particle precipitation, for a range of atmospheric conditionsparticles, so that they can only access the atmosphere in the
and levels of ionization. We also analyse in detail the ionicpolar regions, sometimes after being temporarily stored in-
reaction sequences leading to the,Hddd NG, changes. Our  side the magnetosphere (e.qg. in the radiation belts). At meso-
results show that particle impact ionization and positive ionspheric and upper stratospheric altitudes, precipitating pro-
chemistry cause net production of N, NO, HN®I, and OH  tons and electrons are an important, although highly varying
from Ny and HO. On the other hand, negative ion chem- forcing factor. During periods of strong particle forcing (e.g.
istry redistributes the N{species, without net production or in the case of solar proton events (SPEs)), particle precipi-
loss, so that NO, N@ and NOs are converted to HN@and tation can exceed the background ionization by extreme ul-
NOs. Based on the model results, we provide tables of sotraviolet solar radiation and galactic cosmic rays by several
called P/Q numbers (i.e. production and loss rates of neu-orders of magnitude.

tral species divided by ionization rates) at altitudes between Considering the neutral atmospheric changes caused by
20 and 90 km. These numbers can be easily used to paramearticle precipitation, most of the early studies concentrated
terise the ion chemistry effects when modelling atmosphericon understanding the increases in odd hydrogeny(H@& +
response to particle precipitation. Compared to earlier studOH + HO,) and odd nitrogen (NQ= N + NO + NO) be-

ies, our work is the first to consider in detail the N€ffect  cause of their important role in catalytic, ozone-destroying
of negative ion chemistry, and the diurnal and seasonal varireaction cycles in the upper stratosphere and mesosphere
ability of the P/Q numbers. (Crutzen et al. 1975 Porter et al. 1976 Heaps 1978

Keywords. Atmospheric composition and structure (middle Crutzen and Solomorl98Q Solomon et al. 1981 Rusch

atmosphere — composition and chemistry) — lonosphere (Ior?tlal’ 198]?' SPEhS and thelrhlndfluencer?n oz?(ne hdaye playedf
chemistry and composition; Particle precipitation) a large role in t € research due to the profoun Impact o
SPEs and the availability of ozone observations from several

satellite-based instrumentdackman and McPeterd985

McPeters and Jackmat985 Reid et al, 1991 Jackman

1 Introduction etal, 200% Sepgala et al, 2004 Lopez-Puertas et ak005a
Verronen et a.2006). In recent years, changes in other mi-

Energetic particle precipitation affects not only the ion and hor species have received substantial attention after a wealth

electron densities but also the neutral composition of theof satellite observations of the winter polar regions became
middle atmosphere through particle impact ionization, dis-
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Table 1. List of ion—ion recombination reactions in which nitrogen of the order of months\erronen et al(200§ have shown
is released from negative ionsHdenotes any positive ion, Yany
positive ion except H (H20)n clusters. X and Y are corresponding - then rapidly photodissociated at sunrise. This means that the

neutral species. n is the order of water clustering (i.e. a number berejease of HQ occurs at the time when atomic oxygen is
tween 1 and 8).

that during an SPE, HNis accumulated at nighttime and

available for the ozone-depleting catalytic reaction cycles. If
the same amount of HOwvas produced at night, a large pro-
portion of it would not last until sunrise because of its short

z; E%(E;(;) e : Eg; 1 E20+ X f:hemical lifetime € hours below 80 km). Therefore, assum-
#3  NO, +H*(H0)n ~+ HNOs+nH,0 ing instant HQ release from HN@can lead t.o underestlmaj
#4 NG, +Y* . NOstY tion of ozone deplet!on_. _Satelllte observations made during
#5 NG, (Hp0) + X+ ~  NO3+H0+X SPEs have shown significant enhancemgn_ts of EiNQhe

#6  NOj (H20)p+ X —  NO3+2H0+X stratopause—lower. mesosphere regiorsplini et al, 2009.

#7 NGOy (HNOz) +H*(H0)n - 2HNO3+nH;0 These so-called direct HNenhancements can be reason-
#8 NG, (HNOg)+ Y+ —  NO3+HNO3+Y ably explained by ion chemical productiovefronen et aJ.

#9 NGO (HNOg)z+H*'(Ha0n  —  3HNO3+nH0 2008 2011). However, atmospheric models using the param-
#10 NG (HNOg)y+ Y+ —  NOz+2HNO3z+Y eterisation based o8olomon et al(1981) significantly un-
#11 NG (HCh + X+ —  NOsz+HCI+X derestimate the amount of HN@roduced compared to ob-

servations (e.glackman et al2008 Funke et al.2017).

In this paper, we present an improved, yet simple param-
eterisation of ion chemistry that can be used to model atmo-
spheric effects of particle precipitation. Our results are based
on model calculations with the Sodan#ylon and Neutral
Chemistry model and the current knowledge of ion chemical
reactions. An important part of the work is a detailed analysis
Damiani et al.2012. of all significant reactions paths involved. The final output of

In middle atmosphere models, H@nd NQ, production  work is the P/Q numbers (i.e. net production rates scaled
by particle precipitation is typically included as a simple with ionization rates), which we provide for different iono-
parameterisation, in which the production rates are calcuspheric conditions.
lated from the ionization rates by multiplying by an altitude-
dependent scaling factor. These scaling factors, so-called
P/Q numbers, give the number of molecules produced per
each ion pair, and have been calculated to be 0-2.0 and 1.27—
1.6 for HQ, and NQ,, respectively, depending upon, for ex- 2.1  Sodanky# lon and Neutral Chemistry model
ample, water vapour amount and ionization rate (Bayter
et al, 1976 Solomon et a].1981 Rusch et al.1981). This  The Sodanky lon and Neutral Chemistry model, also
kind of parameterisation is very simple and useful, especiallyknown as SIC, is a 1-D tool for ionosphere—neutral atmo-
in case of HQ, because numerous ion chemical reactionssphere interaction studies. SIC solves for concentrations of
take place between ionization and Hfroduction, such that 65 ions, positive and negative, and 16 minor neutral species.
it would be computationally time-consuming to include ions The altitude range of SIC is from 20 to 150 km, with 1 km

available [ 6pez-Puertas et aR005h von Clarmann et a|.
2005 Orsolini et al, 2009 Verronen et al. 2008 Funke
et al, 2008 Jackman et al2008 Winkler et al, 2009 Ver-
ronen et al.2011;, Winkler et al, 2011 Funke et al.201%,

lon and neutral chemistry modelling

reaction-by-reaction in the models.
The current, widely used parameterisation of,HfPoduc-
tion is based on the work bgolomon et al(1981). They

resolution. The model includes a chemical scheme of over
400 reactions and takes into account external forcing due to
solar UV and soft X-ray radiation, electron and proton pre-

describe in detail the positive ion reaction paths leading tocipitation, and galactic cosmic rays. Recent, detailed descrip-
production of OH and H from water vapour, and also give ations of SIC are given byerronen et al(2005, Verronen
detailed description of the HNOproduction. However, al- (2006, andTurunen et al(2009.

though the possibility of HN@ production through ion—ion Because of our attempt to improve the current parameteri-
recombination is discussed in their paper, it is then neglectedation of HQ production, it is worthwhile to briefly explain

by assuming that photodissociation of Hili@stantly occurs  the main differences in chemistry between SIC and the model
and releases HO This approach was reasonable at that timeused bySolomon et al(198]). For the positive ion scheme,
considering the relatively low level of negative ion knowl- SIC uses more recent reaction rate coefficients and includes
edge. Also, this simplification can be justified in the sum- a larger number of positive ions. However, the added ions do
mer solstice conditions, when solar radiation is present allnot significantly change the reaction sequences of H®-

day to dissociate HN@ But at the winter pole solar radi- duction. The important improvement is that, in contrast to
ation is mostly absent. Without solar light, photodissocia-the Solomon model, SIC includes an extensive negative ion
tion of HNO3 does not occur and its chemical lifetime is scheme which is important, for example, in understanding

Ann. Geophys., 31, 909956, 2013 www.ann-geophys.net/31/909/2013/
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the HNG; production. The details of the ionic reactions in- were used in both hemispheres, from 55 t6 Wih 5° spac-
cluded in SIC can be found Merronen(20089. ing. This set-up of model runs allows us to contrast the parti-
It should be noted that the SIC model has been comparedle effects in different states of background atmosphere and
to satellite-based OH and HNQlata in several studies of solar illumination.
SPEs Yerronen et a].2006 2007, 2008 2011). The reason- In order to better represent the seasonal changes, in the
ably good agreement between the model results and observanodelling we took advantage of Microwave Limb Sounder
tions found in those studies gives us a confident starting poin{MLS/Aura) observations of temperature and water vapour.
to this study, which is based solely on the SIC model resultsData from year 2005 were used; the January and October
observations were averaged separately for each latitude. The
2.2 lon chemistry scheme — major assumptions numbers in Tabl@ demonstrate how $O and temperature
vary with latitude and season of the year in the mesosphere.
Compared to the neutral chemistry, the ionic reactions havdhe MLS temperature andJ@ altitude profiles were kept
more uncertainty in general. Concerning this study espe<constant during model runs, so the possible changes in tem-
cially, there are few laboratory studies describing the prod-perature or HHO caused by SPE forcing were not taken into
ucts of ion—ion recombination reactions, which means thataccount.
some assumption has to be made. Tdbjgesents the ion— For each of the 24 combinations of month and loca-
ion recombination reactions, as they are in the SIC modeltion, five 24 h model runs were executed, each with a dif-
that are most important to our analysis because they releaderent, fixed rate of SPE ionization ranging from!1®
nitrogen from negative ions. Note that corresponding three-10° cm—3s~1. This range generously covers the ionization
body reactions (not listed) are also included in SIC. The re-rates typical for SPEs. Additional 24h model runs with-
actions leading to HN@ production (#3, #7, and #9) are out any SPE forcing provided reference to aid in quantifi-
given byAikin (1997 and references therein). For the other cation of the precipitation-induced changes. Although the
reactions, the most straightforward approach is adoptedmodel runs were made for the full altitude range of SIC (20—
for example NQ and NG; recombination produces NO  150km), in the following we analyse altitudes between 20—
and NG, respectively. All the ion—ion recombination re- 90km only. These altitudes correspond to the ionospheric
actions have the same rate coefficient in the SIC modeD region, where water cluster ions and negative ions can be
(i.e. 60x10°8x (300/T)%°cmPs™! and 125x 1002 x  formed in significant amounts.
(300/ T)* cmP s~ 1 for two-body and three-body reactions, re-
spectively), because there seems to be little dependence up@»#  Calculation of P/ Q numbers
the species involved(ijs et al., 1987). _ ) . )
We have excluded positive non-hydrate cluster ionsThe model results, from the simulations described in
(NHCs, e.g. H(CH3CN)) and negative sulfur-based ions Sect..2.3, were used to calculate t.hié/.Q numbers for the
(SBls, e.g. HSQ) from the model and our analysis. Al- species of mtgrest. ®R/0 n.umber_mc_ilca_tes the net change
though observations have indicated that these types of iont&t€ Of & species, scaled with the ionization ratéo provide
exist in the stratosphere (e Atijs, 1992, modelling NHCs & dimensionless quantity. FII’Si_.‘, we calculat_ed the pr_oductlon
and SBIs would involve significant additional uncertainty 21d 10SS rates{ andL, respectively) due to ion chemistry at
because the global atmospheric distribution of the neutrafach altitude, time, and latitude separately. Second, we cal-
species they are produced from, acetonitrile §CN) and  culated theP/Q numbers as
;uhfuric; acid (H_g$04), is not well I§nown. Also, in high- (Pspe— Lspd — (Pref — Lref)
ionization conditions, such as during SPEs, the precursors’/Q = 0 .
of NHCs and SBls (e.g. H(H20) and NQ; (HNOgz)) will
more likely recombine rather than react to produce NHCsHere “spe” and “ref” denote the results from the SPE and
and SBIs. Finally, the NHC and SBI reactions would lead reference model runs, respectively. Third, we calculated the
to the same net effect as those of their precursor ions (e.caverageP /Q numbers for each season of the year using data
production of HNQ through ion—ion recombinatioAikin from the 6 different latitudes. This was done for each alti-
(1997). Therefore, their exclusion should have a minor im- tude separately, at solar zenith angles (SZAs) between 55
pact on the analysis of neutral H@nd NG, changes pre- and 128 using 5-degree-wide bins. Finally, we checked that

sented in this paper. there is a balance in production and loss between®h@
numbers of H and N containing species. The final result is
2.3 Set-up of model runs a P/Q table for each combination of species and season,

and each table giving values with respect to SZA, ioniza-
Table 2 summarises the model runs used in this study. Bytion rate, and altitude. ThesB/Q tables are presented in
selecting dates in January and October and then running th&ppendix A but for daytime (SZA< 9C°), twilight (SZA=
model in both northern and southern latitudes, four different95°), and nighttime (SZA- 100°) only instead of all SZAs,
seasons of the year were considered. Six modelling latitudebecause the variations @&/ Q during day and during night

www.ann-geophys.net/31/909/2013/ Ann. Geophys., 31, 9996, 2013
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Table 2. List of model runs. Solar zenith angles (SZAs) give the range between noon and midnighartd T’ values are averages of
MLS/Aura observations that were used as input to the model.

Month Latitude SZA HO (70km) HO (80km) T (80km)
10%cm—3 10%cm3 K
January 78S 54-85 23.59 5.18 166.5
January 70S 49-90 22.57 491 166.8
January 65S 4495 21.48 4.59 167.8
January 60S 39-100 20.25 4.17 169.3
January 58S 34-108 19.07 3.74 172.6
January 50S 29-110 17.96 3.36 176.0
January 50N 70-15% 7.42 0.70 209.7
January 58N 75-146 6.64 0.64 210.2
January 60N 80-147F 5.93 0.61 210.1
January 65N 85-136 5.23 0.55 209.9
January 70N 90-137? 4.67 0.52 209.8
January 75N 95-126 4.30 0.51 209.7
October 78N 88-119 6.10 0.57 208.7
October 70N 83-124 6.45 0.60 207.4
October 65N 78-129 6.89 0.66 206.4
October 60N 73-13% 7.42 0.71 205.0
October 58N 68-139 8.02 0.77 204.3
October 50N 63-1424 8.72 0.86 203.4
October 50S 36-117 10.79 0.82 197.1
October 58S 41-112 11.42 0.85 197.7
October 60S 46-107 12.22 0.95 197.4
October 68S 51-102 12.98 1.08 196.5
October 70S 5697 13.57 1.23 195.4
October 78S 61-92 13.95 1.38 193.9

are small. A denser SZA grid could in principle be used dur-ties” are calculated. Pathways with a rate that is smaller than
ing the sunset/sunrise transition period. However, the finera prescribed threshold are deleted, in order to avoid a too
P/ Q details during the twilight are of secondary importance large number of (minor) pathways (“numerical explosion”).
compared to the day-night differences. Note that to assure So far, the algorithm has been applied to the determination
that only the effect of protons is consideredAnQs, the net  of catalytic ozone destruction cycles and methane oxidation
change in the reference ruB{; — Lef) was subtracted from  pathways in the stratosphereephmann 2004, ozone pro-

that of the SPE run before ionization rate scaling. However,duction and loss cycles in the stratosphere and mesosphere
in most cases the reference net change is negligible compardrenfell et al, 2006, pathways of HNQ@ production by ion

to the SPE-induced net change. chemistry in the mesospheiggfronen et al.2011), and CQ
formation pathways in the atmosphere of Ma&sock et al.
2.5 Reaction pathway analysis 2012ab).

In this study, the SIC model results, which are produced

The P/Q numbers, calculated as described in SBet.rep-  with a combination of the positive ion, negative ion, minor
resent the gross effect of the ionization processes. Howeveneutral reactions, provided the input to the pathway analysis.
they do not reveal the detailed reaction pathways leadingye then analysed the positive and negative ion schemes sep-
from the ionization to the production or destruction of a arately, which simplifies the analysis and is possible because
species of interest. In order to determine such pathways, wene only direct connection process between the two schemes
applied the algorithm developed bghmann(2004. is ion—ion recombination. All the important pathways of pro-

This algorithm forms pathways step by step, starting fromduction and loss were identified for the species of interest.
the individual reactions in the system: for every chemical|n the following sections, th®/Q number discussions are
species each pathway producing it is connected with eaclsupported by examples of typical reaction sequences, based
pathway consuming it. If a newly formed pathway contains on results of the pathway analysis.
sub-pathways (e.g. zero cycles), it is split into these sim-
pler pathways. Rates proportional to “branching probabili-

Ann. Geophys., 31, 909956, 2013 www.ann-geophys.net/31/909/2013/
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Fig. 1. A diagram of hydrogen and nitrogen conversions due to ionic reactions. The species in the grey boxes are produced by positive ion
chemistry, while N@ redistribution by negative ion chemistry affects the species inside the blue box. NG;,lMNDand FO are directly

affected by both positive and negative ion chemistry (orange boxes). Note that the effects of neutral reactions (e.g. production of NO from
N(2D)) are not included in the diagram.

[~ ]

3 Results

In this section we demonstrate with examples howRHe N2+p"(E) > N +e +pT(E-AE) (R1)

numbers vary with respect to altitude, SZA, ionization rate, N;r +0, — O; +N, (R2)

and seasons of year. We also describe, again with exam- " "

ples, the ionic reaction sequences leading to changes jn HO Oz +02+ M~ O +M (R3)

and NG (i.e. N, NO, NG, NOg, N2Os, HNOy, and HNG) Oj +H20 — OF (H20) + O (R4)

species during SPEs. O3 (H20) + N2+ M — O3 (H2O)N2 +M (R5)

Figurel presents a schematic view of the ionic effects on . o

nitrogen and hydrogen species. Positive ion chemistry leads 03 (H20)N2 + CO; — O3 (H20)C0O2 + N2 (R6)

to dissociation of M and HO, which ends with production O (H20)CO; + H20 — OF (H20)2 + CO, (R7)

gf NOy and I—_|Q<,_respe<;)t_iveg/. ﬁ\ portri]o_n of rrl]itrogen and h)I/T 0 (H20)2 + H20 — H30" (OH)H,0+ O, (R8)
rogen species is combined through ion chemistry, resultin n +

in HNO, and HNG production. The main effect of negative q_|3+o (OH)H0+H20 —~ H+(HZO)3 +OH (R9)

ion chemistry is then a redistribution of N@pecies without ~ H ' (H20)3+H20+M — H"(H20)4 + M (R10)

net production or loss of N@ In general, the net effect is H*(H20)4+e — H+4H,0 (R11)

that NO, NQ, and NOs are converted to HN®and NG;. _ _

As a side effect, negative chemistry consume®h Ny Os- Net: HoO — OH-+H (R12)

to-HNO;3 conversion and releases OH in HiyH®-NO3 con-
version.
In the following, Sects3.1 and 3.2 consider the HQ),

Here ReactionR1) marks impact ionization of Nby pre-
cipitating primary protons, which lose some of their energy

HNO2, HNO3 production by positive ion chemistry, while
Sects.3.3 and 3.4 discuss the NQ) production by positive
ion chemistry and NQredistribution by negative ion chem-

in the process. In this pathway, and in a number of sim-
ilar pathways, the route from Palways leads to P and
subsequently to production of water cluster ions(H,O)p,

istry. Note, however, that there is some overlap between theind neutral OH through reactions like Reacti®®) above.

sections because HNGnd HNG; production requires ion
chemistry related to both HGand NG, changes.

3.1 OH and HNO; production

Figures2a and2b present the OH and HNOP/Q num-
bers for the case of January, Northern Hemisphere (aed
100 cm3s~1. OH and HNQ are produced when4® is dis-
sociated by positive ion chemistry. Formation of @lirectly

When NOF is created insteadp HNO, can be produced
instead of OH. An example of such reaction sequence is

by proton/secondary electron impact or by ion chemical reac-
tions, leads to production of OH through reaction sequences

such as

www.ann-geophys.net/31/909/2013/
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Fig. 2. P/Q numbers for January, Northern Hemisphere, éng 100 cnm3s~1. Note that the colour scales of the panels differ.

N2 +pH(E) > Nt +N(®S) +e +pr(E— AE)

Nt +0, - NOt+0

(R13)
(R14)

NOt +No+M — NOT(N2) +M
NO™(N2) + CO, — NOT(COy) + N>
NOT(CO») + H,O — NO* (H20) + CO»

(R15)
(R16)
(R17)

NO™ (H20) + H,O+ M — NO™ (H20)> + M
NO*(H20)5 + HoO+M — NOT(H20)3+ M
NO™ (H20)3 4+ H,0 — HT (H20)3 + HNO>
HT(H20)3+H0+M — HT(H20)4+ M

H* (H20)4+€ — H+4H0

Net: Na+ Oy +H20 — HNO, + O+ N(*S) + H

Ann. Geophys., 31, 909956, 2013

(R18)
(R19)
(R20)
(R21)
(R22)

(R23)

There are again a number of similar pathways, but in all
of them NO"(H,0)3 is formed after which Fi(H,O), and
HNO> are produced. Note that the OH and HN®/ QO hum-
bers in Figs2a and2b show relatively little dependence upon
the SZA because the reactions leading to their production
(e.g. sequencd’1-R9 andR13-R20above) involve species
with weak diurnal variability (N, Oz, H2O, CQ).

Figures2a and2b show that OH production is much larger
than HNQG production, which is due to most of the initial
ionization by protons being directed by ion chemistry t; 0]
rather than to NO (e.g. the rate of ReactidR1is larger than
that of ReactiorR13). Considering the altitude behaviour of
the P/Q numbers, HO decreases with increasing altitude,
and above 70 km its abundance gradually becomes the limit-
ing factor for water cluster ion formation. Also, many of the
intermediate reactions require a third body (e.g. ReaciRhs

www.ann-geophys.net/31/909/2013/
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Fig. 3. As Fig. 2, but Q = 100000 cnT3s 1.

andR15), which means their rates are decreasing with alti-created in Reaction®R()—(R8) and R13—(R19) increases.

tude. Thus the production of OH and HN@ffectively has  For example, recombination oprZO),

an upper altitude limit. The OH production displays a maxi-

mum at about 35 km, which is due to negative ion chemistry

converting HNQ to NOs and releasing OH. We will discuss  ~+ _

this in more detail in Sec8.4. Oz (H2O) +&" = Oz +H20, (R24)
Comparison of Figa—b with Figs3a—b (January, North-

ern Hemisphere (NH)Q = 100000 cn3s~1) and Figs4a— _ _ _

b (January, Southern Hemisphere (SB)= 100 cn3s~1) becomes a stronger competlto_r_ for Reacti®b)( The in-

demonstrates how the/ 0 numbers change with increasing c_:re_ased recombination proba_blllty lowers th(_a upper altitude

ionization and water vapour, respectively. When ionization!imit of OH and HNG; production. The effect is just the op-

increases, the electron concentration increases, and the proB0Site, when HO is increased. The upper altitude limits of

ability of recombination of all the intermediate positive ions ©H and HNQ production are elevated when there is more
H>0 available in the upper mesosphere for water cluster ion

formation.

www.ann-geophys.net/31/909/2013/ Ann. Geophys., 31, 9996, 2013
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3.2 Hand HNOs production produced when H(H,0), recombines with NQ(HNO3)n
clusters. For example,
HT (H20)n + NO; — HNO3 + nH;0 (R25)

While OH and HNQ production results from the ionic can replace ReactionR{1) and R22) in the above reaction
break-up of HO, as shown in the previous section, recom- sequences. The balance between H and kIpi©@duction is
bination of the water cluster ions carrying the hydrogen re-therefore determined by the abundance of;N®pe ions,
maining from the HO break-up leads subsequently to pro- and we will discuss their production in Se8t4.

duction of H and HNQ@. Figures2c and2d present the H As shown in Figs2c and2d, significant HNQ produc-
and HNG P/Q numbers for the case of January, Northern tion takes place below 40 km and 60 km during daytime and
Hemisphere, an@) = 100 cn3s~1. Atomic hydrogen pro-  nighttime, respectively, while atomic hydrogen production
duction takes place when the water cluster iongH,O),, dominates in general. The balance between H and NG
created in reaction sequences such as ReactRis(R9) duction shows relatively little SZA dependence below 40 km
and R13—(R20), recombine with electrons or negative ions where ion—ion recombination prevails over electron—ion re-
other than NQ(HNOgz), (e.g. ReactionR22). HNOs is combination at all SZAs. However, there is a clear day—night
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Table 3. NOy P/Q net production numbers for January, NB = pact ionization by protons (e.g. ReactidRs andR13). For
100cnm3s1. example, in
30km 60km 80 km N2+es"(E) > N(*S) +N(D) +&s (E-AE)  (R27)
N(iD) 064 064 064 the secondary electrorg ecollides with N, loses some of
N("S) 047 047 053 its energy, and produces atomic nitrogen. In the SIC model,

HNO,  0.10 0.10 0.00

Reaction R27) is parameterised; i.e. the atomic nitrogen pro-
NO 0.01 0.01 0.05

duction rate from dissociation of Ns taken to be B x Q

Sum 1.22 1.22 1.22 (Rusch et a].1981), and the N*S)/N(2D) branching is fixed

to 0.4/0.6 Zipf et al, 1980. Therefore, the? /Q numbers of

this process, calculated from the SIC results, are fixed.
variation at 40-60 km, which is due to the diurnal variationin  €0mbining the dissociation by secondary electrons and the
the electron—negative-ion balance. At daytime, there are Sigl_onzreacnon sequences from SIC, the sunP@is of N(*S), .
nificant amounts of electrons available for the ion—electronN(°D), NO, and HNQ is 1.22. Of this total, the tables in
recombination, which leads to production of H (e.g. Reac-APPendix A only account for the production of HNOAs

tion R11). All electrons are rapidly converted to negative &N €xample, Tabl@ presents N net prosducltlon numbers
ions, so the ion—ion recombination is dominant at night andfr the case of January, NH) = 100 cnm>s™*. Compared

produces HN@ through reactions like ReactioR25). to the lower aItitudes, the change at 80 km is thét3y and
When the ionization rate increases (Figs.and3d, 9 =  NO are produced instead of HN@hrough
100000 cm3s1), it increases H production and decreasesNO+ +e > NE®9+0 (R28)

HNOg3 production relative to the ionization rate. Also, the

altitude range of HN@ production becomes more limited. and

Higher ionization increases electron and positive ion concen-

trations, so the probability of electron—ion recombination in- NO* (H20) +€~ — NO+Hz0, (R29)

creases over electron attachments reactions such as . . .
because the decreasing® concentration makes reaction

0240z +€ — 0, + 0y, (R26)  sequences like ReactionRI5—(R19 less probable com-
pared to more direct ion—electron recombination (e.g. Reac-

which initialise the negative ion sequences leading to formationsR28andR29), which is also enhanced by the increasing

tion of NO; (HNOg3), and HNG; (negative ion chemistry is  electron concentration.

discussed in SecB.4). Figures4c—d show theP/Q num-

bers for summer conditions. Compared to winter conditions3.4 NGO, redistribution

(Figs. 2c—d), the proportion of HN@ production increases o o .

below 30 km and decreases at 30—40 km. These difference3PE ionization leads to redistribution of j€pecies through

will be discussed in more detail in Se@.4 together with ~ N€gative ion reaction sequences, as shown in Figiome

NOy redistribution. species are produced, like NOor lost, like NOs, while
others, like HNQ, can be both produced and lost in dif-
3.3 NG, production ferent reaction chains. It should be noted that negative ion

chemistry does not change the total N@mount. The net

As shown schematically in Fid., proton precipitation leads NOy production during particle precipitation is by positive
to NOy production. A fraction of the N@production, which  ion chemistry (as described in Se8t3). HNOs is a special
always involves N dissociation, is due to positive ion re- species here, because its production is a combination of ionic
action sequences, such as ReactidR$3—(R20). In this HO4 and NG, production. In Sect3.2, we already discussed
example, N is converted to K'S) and HNQ. According  the HNQ; production from the positive ion and hydrogen
to the pathway analysis, in other reaction sequences alspoint of view, and showed how it is produced when positive
N(2D) and NO (in very small amounts) can be produced.H*(H,0), water cluster ions recombine with NQHNO3)n
The combinedP/Q production number for the four species type negative ions (e.g. Reacti®t25). In this section, we
is 0.42, with no significant variability with respect to SZA. investigate the HN@ production from the point of view of
Above 80 km there is increase with increasing altitude, but atnegative ion and nitrogen chemistry, together with the ionic
lower altitudes the total number does not change. Howeverredistribution of other NQ species.
as shown in Fig2b, HNG; is produced only at altitudes be- ~ The P/Q numbers of the NQ species are shown in
low ~ 70 km. Note that this altitude limit varies with rate of Figs. 2d—h for January, Northern Hemisphere, agd=
ionization and amount of water vapour (Figb.and4b). 100 cnt3s71. Clearly, significant production of HNgand

Most of the NGQ production is a result of pldissociation ~ NOg takes place, balanced by loss of NO, N@nd NOs.
by energetic secondary electrons, which are produced in imMost of the HNQG production pathways involve loss of NO
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for example, in the sequence stead of HNQ, through pathways such as
20 +e - 0, + 0 (R44)
02+ 02+€ — O, +02 (R30) 05 + 03 — O5 + 0y (R45)
002 203 - 2?3 * Oé (Ez;) 05 +CO, — CO; + 0y (R46)
s +C02 = CO; 02 (R32) CO; +NO — NOj +CO; (R47)
NO; +H" (H20)n — HNO3 + nH,O(R34) NO; 44y — NOs+ & (R49)

3

Net: e +HT(H,0)n+ O3+ NO, — HNO3z + O, 4+ nH,O Net: NO+ 205 — 20p + NOs (R50)

R35
(R33) These, and other similar pathways leading to NO-tosNO

_ _ conversion, are only important at daytime because (1) solar
and o'gher similar sequences with the same net effect. WheQJV radiation is required for ReactioiRé9), and (2) below
ReactionsR30—(R33 are followed by, for example, about 60 km there is almost no NO available at night, because

the neutral chemistry converts it to NO

NO; +H20+M — NO3z (H20) + M Net loss of HNQ can also occur, for example, at daytime
(R36) around 45 km, because there are reaction sequences like
NO3 (H20) + N2O0s — NO3 (HNOg) O2+02+€ — 0, + 0 (R51)
+HNO3 (R37) O, +03 — O; + 0 (R52)
NOj3 (HNO3) +H™ (H20)n — HNO3 + HNO3 O; +CO; — CO; 402 (R53)
+nH0 (R38) CO; + HNO3 — NOj3 + CO, + OH (R54)
T T NO3 +hv — NO3 + €~ (R55)

Net: e +HT(H20)n+H0+ O3

+ NO2+N205 — 3HNOs; + O2 Net: HNO3 4+ O3 — Oy + OH+NOs (R56)

+nHO (R39) . i
which convert HNQ to other NQ species and release KO

. , This example pathway requires solar light for the photode-
consuming NOs, the net result (ReactiorB30-R33 fol-  5chment of electrons (Reactid®®65), and thus only func-
lowed by ReactionsR36-R38) is production of multiple 5 at daytime. However, there are similar reaction se-
HNOs molecules (ReactioR39). This and other similar se- o ,ences with the same net effect in operation at night; in
quences have their largestimpact around 30 km at night. NOtg,e.qe the photodetachment reaction is replaced by ion—ion re-
that the NOs-to-HNG;z conversion by negative ion reaction .mpination. Although in Fig2d net production of HN@is
sequences consumes also water vapour, thus addingQ@0 H gean 4t aimost all altitudes and SZAs, the rates of the HINO
losses (and eventually to B(roduction) caused by posi- |osg pathways can be comparable to those of Hi@duc-
tive ion chemistry. At daytime, also NO can be converted 0oy and it is important to take them into account when the
HNOs. As an example, ReactionR80—(R32) can be fol- ¢t effect is calculated. Also, a significant amount of odd hy-
lowed by drogen is released by these Hj@ss sequences. This ex-

plains, for example, the maximum in OFY/ Q numbers seen
CO; +NO — NO, +CO, (R40) in Fig. 2a around 35 km, where the negative ion chemistry
NO; + O3 — NO; +0;  (R41) ;?g/s to the nearly constant ®9Q by positive ion chem-
NO; + HT(H20)n — HNOs +nH,0 Figures3d—h show the NQ P/Q numbers for a case with
(R42)  increased ionization (January, Ni#, = 100000 cn3s™1).
NOy redistribution is clearly diminished relatively; all the
- + P/Q numbers are smaller than those shown in R2gsh. As
Net: e +H" (H20n+NO+20; — HNOs +20; discussed already in Se8t2, the increase in electron and ion
+nH0 (R43) (both positive and negative) concentrations makes the recom-
bination processes more probable compared to other ionic re-
completing the sequence (net Reacti#i3is for sequence actions which involve neutral species. This means that longer
of ReactionsR30-R32 + R40-R42). Note, however, that reaction sequences become less probable. Thus, the produc-
most of the daytime NO loss leads to production of N@ tion of more complex cluster ions such ag #H,0), and
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NO3 (HNOg3)n, and subsequently the HN(roduction, is 90 :
relatively smaller. For example, the conversion ofQy to IS Sl @ |
HNOg practically stops (Fig3h). At 50—-60 km (daytime), —
a larger proportion of NO is converted to N@ather than __70¢ ——
to NOs, because ozone decrease (by extreme ionization and £ ool Ky .
HOy production) limits the production of NDthrough Re- g /
action R49). £ 50} / x
Figures4d-h present the NP P/Q numbers for sum- < 40! , x
mer pole conditions (January, SB,= 100 cnt3s~1). Com- .
pared to the winter pole (i.e. Fig&d-h), the HNQ@ P/Q 30¢ BN
increases below 30km and decreases at 30-40km (as we 20 ‘ ol
mentioned already in Se@.2). The decrease around 35 km 0 L 2 s
is caused by relatively small amounts 0@ being con-
verted to HNQ@. At the summer pole, pDs concentrations
are smaller than those at the winter pole, because there are 90
less nighttime hours for its production and build-up from N Sl (b)
NO, and NG; (at daytime its photodissociation is fast). At VAN
lower altitudes, there is more N@o-HNOz conversion in __70¢ e
the summer because of higher amounts of;N®ailable. g 6ol !
At these altitudes, the main source of N@roduction is ) }
N>O+0(D) — 2NO, which is enhanced in the summer due £ 50}
to more solar radiation being available. The enhanced NO (or < 40l
NOy) amounts favour N© type ions, which are needed for
ionic production of HNQ. 30
20
0 1 2 3
4 Comparison with Solomon et al. (1981)
Because the HQproduction numbers fronsolomon et al. 90
(1981, Fig. 2) have been used in many modelling studies, Y N ©
it is interesting to compare our results with them. It should —
be noted that whil&olomon et al(1981) analysed the HQ __70¢ <
production in quite detail (e.g. taking into account the depen- g 6ol |
dency on HO and a few other atmospheric parameters), the g |
widely used parameterisation based on their Fig. 2 is much £ 50¢ .
simplified and considers variability with respect to altitude < a0t T
and ionization rate only. We selected the SIC case of Jan- \
uary NH, in which the HO background was similar to that in 30y o
Solomon et al(1981, Fig. 2), and compared their total HO 20 ‘ ‘
P/Q numbers with ourP/Q sum of (1) OH and H, i.e. di- 0 lSum of P,Qsz 3

rect HQ, production by positive ion chemistry only, (2) OH,
H, HNOy, and HNQ but excluding NOs-to-HNOs conver- Fig. 5. Comparison of?/ Q numbers: SIC results (January NH and
sion by negative ion chemistry, and (3) OH, H, HN@nd SZA=10%) versusSolomon et al(198], Fig. 2) The Solomon
HNOj3 including NoOs-to-HNO3 conversion. Of these, Case €t al. data forQ = 10®cm~3s~! are marked with X, and the cor-
#2 corresponds to the assumptions madé&biomon et al. responding horizontal lines indicate the variability with respect to
(198), i.e. instant HQ release from HN@and HNQ;, and €= 10'-10°cm3s 1. The same data are shown in all three pan-
exclus,ion of negative ion chemistry ' els. SIC resultsta) OH and H production onlytb) OH, H, HNOy,
. ) . d HN ducti ludi -to-HN ion; and

Figuresba—c show the results for Cases 1-3, respectlvely.?cr; OH %'pﬁthzlogr,]g Xﬁ;én%r%lgﬁcgon ﬁiﬁ%?:;rzg;}t?
Although not shown, th&olomon et al(198]) P/Q num- N0, conversion. The dashed and solid lines indicate results for
ber is 2 below 40km. Itis evident that the/ 0 numbers of ¢ — 10! and 16 cm~3s~2, respectively.
Solomon et al(198]) overestimate the direct HQproduc-
tion, especially at altitudes below 70 km where both HNO
and HNG; production takes place. With the lowest ionization
rates, the overestimation reaches 100% at 35km &&y).  assumptions, the agreement is very good, although above
For Case #2, corresponding to tB®lomon et al.(1981) 70km our results show a somewhat larger variability with
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respect to the ionization rate (Figb). And when NOs-to- while NO, distribution is most affected at the lower alti-
HNOs3 conversion is considered, it adds to the total belowtudes. In order to compare the seasonal effects to those re-
50 km through HNQ@ production, so that th8olomon et al.  lated to latitudinal averaging (see previous paragraph), we
(19817 values now underestimate ti O number by up to  calculated the median difference between the values given in
25 % at 30—40 km (Fighc), although at very high ionization Appendix A for the January NH and January SH cases (Ta-
rates this difference becomes small. bles A1-A16). Large seasonal differences in OH and HHNO
As we showed in Figs2 and 4, there are significant dif- P/Q numbers, up to hundreds of percent, are found near the
ferences between winter and summer conditions. For examdpper altitude boundary of production at 70-85 km caused by
ple, the upper altitude limit of HQproduction is elevated in  differences in HHO background. Also, OH is significantly af-
the summer. Thus, the comparison in Fégfor similar at-  fected by changes in its release from HNKGY negative ion
mospheric conditions, shows the “best” match between ourghemistry below 30 km, withP/Q variability up to 40 %.
and theSolomon et al(1981) P/Q numbers, while for other However, the mediarP/Q differences for OH and HN®
seasons there are larger differences. are again small€ 59%). In the case of H and NQthe me-
dian difference between winter and sumnmietQ numbers
is 0.04-0.16 (18-87 %) depending on species. The seasonal
5 Discussion difference is especially large forJd®s, because in the sum-
mer its concentration, and thus its conversion to HN®
In this section, we discuss briefly the uncertainties of thesmall compared to winter.
mean P/Q numbers in order to provide a rough estimate We do not provideP/Q tables for the consumption of
of their accuracy, provide some information on the ionic N2> and HO, or consider changes in oxygen species such
changes in HO and G for which P/Q tables are not pro- as ozone. Clearly, Nconcentrations in the mesosphere are
vided, and discuss the ionic effects in comparison to stanmuch too high (e.g~ 10> cm~23 at 70 km) to be affected by
dard neutral chemistry. Finally, we point out that our results SPESs. In the case of4® loss,P/Q numbers can be easily
are also applicable to electron precipitation, and discuss thealculated as the sum of hydrogen production numbers (i.e.
improvements in the new/Q numbers and possible future OH, HNO;, H, and HNQ), divided by two. As follows from
work on chlorine species. Fig. 5c, this number is 1-1.4 up & 50 km, and then grad-
The meanP/Q numbers given in Appendix A have sta- ually decreases to zero between 50 and 90 km. Considering
tistical uncertainty, which we estimate using their standardthat the HO concentration at 70 km is about%@n3, and
deviations (STDs). This approach takes into account theassumingP/Q = —1 and ionization rate = f&xm3s~1, the
variability of P/Q numbers with respect to the changes in daily loss of HO would be about 8%, which is not negli-
the background atmosphere (neutral species, temperaturajible. However, the produced H@ converted back to $O
while uncertainties in reaction rate coefficients are not in-through relatively fast (HQlifetime is~ hours below 80 km)
cluded. A part of the variability in the background atmo- self-destructive neutral reactions such as
sphere comes from the latitudinal dependence, but for some
species the changes caused by the SPE forcing can be mu&@+HO2 — H20+ 0y, (R57)

more important. For example, N@Gpecies are produced dur- 4 the net effect on 0 should be much smaller. Note that

ing SPE forcing, and at some altitudes their concentration,; |gwer altitudes the relative effect o€l becomes negli-

can increase by an order of magnitude during a 1-day highyipje pecause of the increasing water vapour concentration.

ionization model run. This causes variability in the ion com- A (ecent model study on water vapour changes during the
position (e.g. the balance between N@nd CQy) and sub-  j5n,3ry 2005 SPE indicates a decrease 0 it altitudes

sequently in theP/Q numbers of the NQ)species. We cal-  75_qgqkm. but this effect has not been seen in satellite obser-
culated STD for all the meart/Q numbers, and then took | 4tiqng Winkler et al, 2012).

an all-SZA all-altitude median for each species. The results ~,0ne is consumed in net reactions such as Reac-

indicate that for OH and HN®the median STD is small ions R35), (R39), (R43, (R50), and R56). However, the
(= 3%), although the bO variability can have a stronger ef- gjrect effect of ion chemistry on ozone is small compared to
fect (up to tens of. pgrpent) at the upper altitude limit Wherecatalytic cycles that are enhanced by H&hd NG, produc-
H20 becomes a limiting factor for HNOand OH produc- o As an interesting detail, the pathway analysis identifies

tion. For NG, and atomic hydrogen, STDs are larger becausegeyerg| catalytic cycles of negative ion chemistry which con-
the P/Q numbers of these species are sensitive to the SPE\'/ert ozone to @. During night the dominant §loss cycles
driven changes. The median STD is 0.03-0.06 (6—24 %) de(by ion chemistry) are of the following form:

pending on species.

Comparison between Fig8.and4 gives information on
the variability of theP /Q numbers between winter and sum-
mer, as we discussed it in Se8t. Generally speaking, the
season affects the HOproduction at the upper altitudes,
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study is first conducted, it might be possible to extend the
current analysis to include also the chlorine species.

20, +€ - 0, +02 (R58) Although we are studying the effects of proton forcing in
0, +02+M — O, +M (R59) this paper, the calculateB/Q numbers can be applied for
- _ lectron precipitation too. In the SIC model, the total parti-
0O; +C CO; +O Re0) € precip ' P
4 j_ ©2 = 4 +02 (R60) cle ionization is divided between NO,, and O according
CO, +03 = O3 + 02+ CO (R61) o relative concentrations and impact cross sections of these
O; +03 — 30+ € (R62) species. This partitioning is only slightly different for elec-

___ _ trons compared to protons; in both cases the proportion of
N2> and G ionization below 90 km is about 78% and 22 %
Net: 20; — 30, (R63) o the total, respectively. Further, the partitioning between

However, the ozone loss rates due to these cycles are loRrOCesses of ionization and dissociative ionization and their
and insignificant compared to those of the daytimeseu-  Products (e.g. production of Nand N* through N ioniza-

tral chemistry. On the other hand, when the neutral gals_t|on) is identical for protons and electrons. Therefore, the
phase chemistry combines with the N@distribution byion ~ SameP/Q numbers can be used for both proton and elec-
chemistry, this affects also ozone. For example, the NO-to{fOn precipitation. o

NO, conversion seen in Fige—f (daytime, 55 km) proceeds The comparisons presented in Figa—c demonstrate

without loss of ozone. The subsequent Nahotolysis pro- clearly how our results can significantly improve the mod-
elling of ion chemistry and its effects on neutral minor

duces Q: ) _ i
species through a simple parameterisation. For example, un-
NO2 + hv — NO+ O (R64)  derstanding the HN@observations during SPES is not pos-
O+0y+M — O3+ M. (R65)  Sible without consideration of negative ion chemistry. The

diurnal and seasonal variability, which has not been consid-

So, both processes together yield a net ozone productiorered before, is also an improvement. For example, thg HO
However, the corresponding rates are again too small to comproduction upper limit and and NQedistribution show sig-
pete with the standard ozone production and destruction cynificant variability with season, which can potentially affect
cles. the ozone chemistry.

The presented®/Q numbers indicate the pure effect of
ion chemistry without consideration of its importance in con-
trast to the neutral gas-phase chemistry. Obviously, the sig-
nificance of ion chemistry causing net production of N&r 6 Summary
NOy) and HQ, has been known for a long time, and there
is observational evidence indicating substantial increase inWe have presented an analysis of D region ion chemistry
these neutral species during particle precipitation events (e.gand its effects on neutral HOand NG, during SPEs. We
Sepp@la et al, 2004 Verronen et al.2006. Also, the mag-  showed that while positive ion chemistry leads to production
nitude of the nighttime N@ redistribution by negative ion of H, OH, HNG;, N, and NO from water vapour ancbN\the
chemistry is large enough to be detected by satellite-basethain effect of negative ion chemistry is to redistribute NO
observations of, for example, HNQL6pez-Puertas et al.  species, without a net change, by converting NO ,N&hd
2005k Verronen et al.201% Funke et al.2011). However, N2Os to HNO3 and NG.
the daytime ionic N@ redistribution effect is counteracted Based on the results from the Sodarikybn and Neu-
at the upper altitudes by solar radiation through photochemtral Chemistry model, we have calculated tables of so-called
ical reactions, which drive rapid Nrhanges. For example, P/Q numbers (i.e. production/loss rates divided by ioniza-
it has been shown that photodissociation of HN®much  tion rate) for the relevant HOand NG, species. These num-
faster than its ionic production at altitudes near and above théers are provided for different atmospheric conditions tak-
stratopause, even during strong SP#r(onen et al.2008. ing into account diurnal and seasonal variabilities. P&
The situation is similar for N@ numbers allow for an easy-to-use parameterisation of ion

Particle precipitation can also affect chlorine species. Forchemistry for atmospheric modelling of particle precipita-
example Winkler et al. (2009 have studied the conversion tion.
of HCI to active chlorine species by negative ion chemistry The newP/Q parameterisation presented in this paper im-
in the stratopause region during SPEs. In the current papeaproves the currently used methods by considering the diurnal
we do not analyse these effects. The SIC model does includand seasonal variability. However, the main improvement is
the relevant ion chemical reactions, but to date SIC has nothe consideration of negative ion chemistry effects, which
been used in studies of chlorine species, so the model prediavas previously neglected but is essential for the modelling
tions have not been validated by, for example, satellite ob-and understanding of NOchanges induced by particle pre-
servations. In the future, if such a model-versus-observationsipitation.
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Appendix A

Tables of P/ Q numbers

Here we present the /0 numbers as a function of altitude,
solar zenith angle, and ionization rate. The numbers were cal-
culated from SIC model results as described in S2dt.The
tables are given for four different seasons, January South-
ern Hemisphere/Northern Hemisphere (SH/NH) and October
SH/NH, and for eight constituents (H, OH, HNCHNOsg,

NO, NO,, NO3, and NOs). The figures below the tables
present the same data. Note that the numbers in these tables
do not include N@ net production, except for HNE but
only redistribution (see Sectigh3for more details). The ta-
bles are available in electronic format from the correspond-
ing author.
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Table Al. Pon/Q for January SH.

o | 108 1¢ 10® 10* 10° | 100 1?2 16° 100 10° | 100 102 100 10t 10°
km SZA < 90° SZA = 95° SZA > 100

90 | 4005 4002 4001 +0.00 +0.00 | 40.03 +0.01 +0.00 +0.00 +0.00 | +0.04 +0.02 +0.00 +40.00 +0.00
85 | 4089 +0.88 +0.84 4067 +0.29 | +0.89 +0.87 4082 +0.63 +0.24| +0.89 4087 +0.80 +0.57 +40.19
80 | 4090 +0.89 +0.88 4084 +0.70 | +0.90 +0.90 4088 +0.84 +0.66 | +0.90 4090 +0.89 +0.86 +40.65
75 | 4089 +0.90 +0.89 4088 +0.83| +090 +0.90 4089 +0.88 +0.84 | +0.90 4090 +091 +0.90 4084
70 | 4090 +0.90 +0.90 4090 +0.89 | +0.90 +0.90 4091 +090 40.89 | +0.90 4091 +091 +40.93 4092
65 | 4090 +090 +0.90 4090 +0.90 | +0.90 +40.90 4091 +094 4093 | +0.91 4091 +092 40.97 +1.00
60 | 4091 +090 +0.92 4093 +096 | +091 +0.92 4094 +1.00 +1.04 | +0.92 4092 +095 +1.05 +1.09
55 | +0.93 4092 4093 +098 +1.05| 4+0.92 +093 +0.96 +1.05 +113| +0.92 +0.94 +098 +107 +1.16
50 | +0.99 4095 4095 +1.01 +1.09 | +0.94 4095 +0.98 +1.07 +117| +0.91 +093 +1.00 +109 +1.16
45 | +125 4111 4102 +1.05 +1.12 | 4103 +1.00 +1.00 +1.07 +115| +0.95 +0.97 +1.00 +107 +1.13
40 | +1.35 4128 4112 +1.07 +1.13| 4120 +1.14 +1.07 +1.07 +114| +1.14 +111 +104 +106 +1.10
35 | +141 4136 4126 +1.10 +1.12 | 4135 +1.31 +1.22 +1.08 +1.11| +1.29 +1.25 +1.19 4107 +1.09
30 | +147 +146 +137 +120 +1.13| +139 +136 +1.31 +1.15 +1.09| +1.29 +1.27 +121 +109 +1.07
25 | 4148 +1.46 +139 4122 +1.11 | +1.39 4136 4129 +1.13 +1.04 | +124 4124 +1.17 +1.06 +1.00
20 | +1.43 +1.40 +129 4112 +1.02| +1.32 +130 4119 +1.05 4097 | +1.18 4116 +1.07 +0.98 4093

SZA <= 90 deg. SZA =95 deg. SZA >= 100 deg.

Altitude (km)

Fig. Al. Poy/Q for January SH.
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924 P. T. Verronen and R. Lehmann: lonic reactions affecting middle atmosphere

Table A2. Pyno,/ @ for January SH.

o | 100 1? 168 10* 10° | 1200 1® 108 10* 10° | 100 1? 10 100 @ 10°

km SZA < 90 SZA = 95° SZA > 1000

90 | -0.00 -000 -000 -000 -000|-000 -000 -000 -0.00 -0.00| -0.00 -0.00 -000 -0.00 -0.00
85 | +0.07 +0.04 +0.01 +000 +0.00 +006 +0.03 +0.01 +0.00 +0.00 | +0.04 +0.02 +0.00 +0.00 +0.00
80 | +0.09 +0.08 +0.05 +002 +0.00 +0.09 +0.07 +0.04 +001 +0.00 | +0.09 +0.08 +0.05 +0.01 +0.00
75 | 4010 +009 +0.07 +0.04 +001| +0.10 +0.09 +0.07 +0.04 +001| +0.10 +0.09 +0.08 +0.05 +0.01
70 | 4010 +009 +0.08 +40.06 +003| +0.10 +0.10 +40.09 +0.07 +0.04| +0.10 +0.10 +0.09 +0.07 +0.04
65 | 4010 +0.10 +0.09 +40.09 +007 | +0.10 +0.10 4010 +0.09 +0.07| +0.10 +0.10 +0.10 +0.09 +0.07
60 | +010 +0.10 +0.10 +010 +0.10| +010 +010 +0.10 +0.10 +0.09 | +0.10 +010 +0.10 +0.09 +0.08
55 | +0.10 +0.10 +0.10 +0.10 +0.10 | +0.10 +010 +010 +010 +0.10 | +010 +0.10 +0.10 +0.10 +0.09
50 | +0.10 +0.10 +0.10 +0.10 +0.10 | +0.10 +010 +010 +010 +0.10 | +010 +0.10 +0.10 +0.10 +0.10
45 | +0.10 +0.10 +0.10 +0.10 +0.10 | +0.10 +0.10 +010 +0.10 +0.10 | +010 +0.10 +0.10 +0.10 +0.10
40 | +0.10 +0.10 +0.10 +0.10 +010 | +0.10 +010 +010 +0.10 +0.10 | +010 +0.10 +0.10 +010 +0.10
35 | +0.10 +010 +0.10 +0.10 +010 | +0.10 +010 +010 +010 +0.10 | +010 +0.10 +0.10 +0.10 +0.10
30 | +0.10 +0.10 +0.10 +0.10 +0.10 | +0.10 +010 +010 +010 +0.10 | +010 +0.10 +0.10 +0.10 +0.10
25 | 4010 +0.10 +0.10 +0.10 +010| +0.10 +0.10 +010 +0.10 +0.10| +0.10 +0.10 +0.10 +0.10 +0.10
20 | 4010 +0.10 +0.10 +0.10 +010| +0.10 +0.10 +010 +0.10 +0.10| +0.10 +0.10 +0.10 +0.10 +0.10

SZA <= 90 deg. SZA = 95 deg. SZA >= 100 deg.
90 90 90
0.1
80 80 80
70 70 70 0.08
€
~ 60 60 60 0.06
()
e}
=}
£ 50 50 50
< 0.04
40 40 40
0.02
30 30 30
0 J
20 20 20
100 10° 100 10" 10° 100 100 10° 10* 10° 100 100 100 10° 10°

lonization rate (cm_3s_1)

Fig. A2. Pyno,/Q for January SH.
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P. T. Verronen and R. Lehmann: lonic reactions affecting middle atmosphere 925
Table A3. P/ Q for January SH.
o | 108 1 10® 10* 10° | 100 1?2 16° 100 10° | 100 102 100 10t 10°
km SZA < 1o SZA = 95° SZA > 100°
90 | 4005 4002 +001 +0.00 +0.00 | +0.03 +0.01 +0.00 -+0.00 -+0.00 | +0.04 +0.02 +0.00 +0.00 +0.00
85 | +096 +0.92 4085 +067 +0.29 | +0.95 +0.90 +0.83 +063 +0.24 | +0.93 4089 -+080 +0.57 +0.19
80 | +099 +097 4093 +086 +0.69 | +0.99 +097 4092 +085 +0.65 | +0.99 +097 +093 +0.85 +0.62
75 | +099 +0.99 4096 +092 +0.83 | +1.00 +0.99 +096 +092 +0.82 | +1.00 +098 +096 +0.90 +0.81
70 | +1.00 +0.99 4098 +096 +0.89 | +1.00 +1.00 +0.98 +095 +0.88 | +0.97 4097 +094 +0.90 +0.84
65 | +1.00 +1.00 4099 +097 +091 | +0.98 +0.99 +096 +091 +0.87 | +0.83 +0.89 +084 +0.78 +0.78
60 | +1.00 +1.00 4099 +095 +0.85| +0.91 +0.94 4092 +080 +0.74 | +0.60 +0.75 +075 +0.61 +0.62
55 | +0.99 +0.99 4098 +090 +0.71 | +0.78 +0.83 +0.84 +0.70 +0.56 | +0.44 +058 +065 +0.49 +0.42
50 | +0.97 +097 +095 +0.84 +0.60 | +0.61 +0.67 +0.73 -+0.62 -+044 | +042 +048 +056 +0.46 +0.30
45 | 4077 4083 +0.85 +0.73 +050 | +0.37 +0.50 +0.61 -+0.56 -+040 | +030 +041 +050 +0.45 +0.29
40 | 4+028 +039 +059 +0.61 +043 | +0.19 +0.29 +048 +053 +0.38 | +0.16 +0.26 +0.44 +048 +0.34
35 | 4+011 +017 +032 +053 +045| +0.11 +0.16 +0.31 +051 +042| +010 +015 +029 +048 +0.39
30 | +0.06 +0.10 4021 +042 +047 | +0.06 +0.10 <4021 +042 +046 | +0.06 +009 -+021 +0.41 +0.44
25 | +0.08 +0.12 4025 +047 +057 | +0.08 +0.13 4027 +050 +059 | +0.08 +0.13 +029 +0.53 +061
20 | +017 +0.23 4041 +064 +0.75| +0.21 +0.28 +0.48 +0.70 +0.79 | +0.27 +0.36 +058 +0.79 +0.85
SZA <= 90 deg. SZA =95 deg. SZA >= 100 deg.
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1
80
70 08
e 0.6
]
°
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Fig. A3. P4/ Q for January SH.
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926 P. T. Verronen and R. Lehmann: lonic reactions affecting middle atmosphere

Table A4. Pyno,/ @ for January SH.

o | 100 12 1® 10* 10° | 100 10?2 10® 100 10° | 100 12 100 100 10°

km SZA < 9r° SZA = 95° SZA > 1000

9 | -0.00 -000 -0.00 -0.00 -000|-000 -000 -000 -0.00 -0.00| -0.00 -0.00 -000 -0.00 -0.00
85 | +0.00 +0.00 +0.00 +0.00 +0.00 | +0.00 +40.00 +40.00 +0.00 +0.00 | +0.00 +0.00 +0.00 +0.00 +0.00
80 | +0.00 +0.00 +0.00 +000 -0.01 | +0.00 +40.00 4000 +0.00 -0.01 | +0.00 +0.01 +001 -0.00 -0.01
7 | -0.00 -000 -000 -0.00 -0.01| -0.00 -0.00 -000 -000 -0.01| +0.00 +0.01 +0.01 +0.01 -0.00
70 | -0.00 -000 -000 -000 -0.01| +000 +0.00 +0.00 -0.00 -0.01| +0.03 +0.02 +0.04 +0.04 +0.02
65 | -0.00 -000 -0.00 -0.00 -000| +0.02 +001 +0.01 +002 +001| +0.16 +0.10 +0.12 +0.12 +0.05
60 | -0.01 -000 -0.01 +0.00 +003| +0.08 +0.04 +0.04 +0.08 +0.07 | +0.38 +0.23 +0.20 +0.23 +0.15
55 | -0.02 -001 -0.01 +002 +010 | +020 +0.14 +0.10 +015 +0.17 | +054 +0.38 +027 +032 +0.29
50 | -0.06 -002 -0.00 +0.05 +0.19 | +0.35 +0.28 +019 +0.21 +0.27| +057 +049 +0.34 +035 +042
45 | -0.12 -004 +0.03 +0.12 +0.28 | +050 +040 +029 +027 +035| +0.65 +0.52 +040 +0.38 +0.48
40 | +0.27 +023 +019 +022 +034 | +055 4049 +037 +032 4040 | +0.66 +0.59 +046 +0.40 +0.50
35 | +042 +039 4034 +029 +035| +052 4049 4043 +037 4041 | +0.67 +0.64 +056 4049 +0.54
30 | +041 +038 +0.34 +030 +032| +053 4050 +044 +037 4039 | +0.71 4068 +0.60 4050 +0.49
25 | +0.36 +0.34 +028 +023 +0.24| +049 +047 4038 +029 +0.29 | +0.70 +0.65 +0.54 4037 +0.35
20 | +0.34 +031 +0.22 +0.16 +0.15| +0.43 +038 +0.27 +0.17 +0.16| +059 +050 +0.33 +0.17 +0.16

SZA <= 90 deg. SZA = 95 deg. SZA >= 100 deg.
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Fig. A4. Pyno,/ Q for January SH.
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P. T. Verronen and R. Lehmann: lonic reactions affecting middle atmosphere 927
Table A5. Pyo/ Q for January SH.
o | 10t 1¢ 10® 10* 10° | 100 1?2 16° 100 1° | 100 12 100 10t 10P
km SzA < el SZA = 95° SZA > 100
90 | 4000 +0.00 +0.00 +0.00 +0.00 | +0.00 +0.00 +0.00 -+0.00 -+0.00 | +0.00 +0.00 +0.00 +0.00 +0.00
85 | +0.00 +0.00 +0.00 +0.00 +0.00 | +0.00 +0.00 +0.00 -+0.00 -+0.00 | +0.00 +0.00 +0.00 +0.00 +0.00
80 | —-0.00 -000 -000 -000 -000| —0.00 -0.00 -0.00 -0.00 -0.00| -001 -001 -001 -001 -0.00
75 | 40.00 +0.00 +0.00 -001 -002 | +0.00 +0.00 +0.00 -0.02 -0.02| -0.01 -0.01 -002 -002 -002
70 | -0.01 -001 -001 -004 -009 | -001 -001 -002 -006 -009 | -0.04 -002 -004 -005 -0.05
65 | —0.03 -002 -004 -013 -025| -006 -004 -005 -013 -021| -0.07 -004 -006 -009 -0.09
60 | -0.13 -008 -008 -021 -042| -020 -010 -009 -016 -030| -0.06 -0.04 -003 -007 -012
55 | —-037 -020 -014 -025 -046| —035 -018 -012 -017 -031| -001 -001 -001 -002 -0.11
50 | -0.72 -038 -021 -024 -038| -036 -023 -014 -015 -025| -000 -000 -000 -000 -0.02
45 | 068 -041 -022 -017 -026| —023 -018 -012 -011 -0.18| 4000 -000 -000 -0.00 -0.00
40 | -019 -017 -012 -010 -013| -010 -0.09 -008 -0.07 -008 | —0.00 -0.00 -000 -0.00 -0.00
35 | 006 -006 -006 -005 -006| —0.04 -0.04 -0.04 -0.04 -0.04| -000 -000 -000 -000 -0.00
30 | 003 -003 -003 -003 -003| -0.02 -002 -002 -0.02 -002| -000 -000 -000 -000 -0.00
25 | -0.02 -002 -002 -001 -002| -001 -001 -0.01 -001 -001| -000 -000 -0.00 -0.00 -0.00
20 | -0.01 -001 -001 -001 -001|-001 -001 -000 -000 -000| -0.00 -0.00 -0.00 -0.00 -0.00
SZA <= 90 deg. SZA =95 deg. SZA >= 100 deg.
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Fig. A5. Pno/Q for January SH.
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928 P. T. Verronen and R. Lehmann: lonic reactions affecting middle atmosphere

Table A6. Pno,/Q for January SH.

o | 100 1? 168 10* 10° | 1200 1® 108 10* 10° | 100 1? 10 100 @ 10°

km SZA < 90° SZA = 95° SZA > 100

90 | +0.00 +0.00 +0.00 +0.00 +0.00 | +0.00 +0.00 +0.00 +0.00 +0.00 | +0.00 +0.00 +0.00 +0.00 +0.00
85 | +0.00 +0.00 +0.00 +0.00 +0.00 | +0.00 +0.00 +0.00 +0.00 +0.00 | +0.00 +0.00 +0.00 +0.00 +0.00
80 | +0.00 +0.00 +0.00 +0.00 +0.00 | +0.00 +0.00 +0.00 +0.00 +0.00 | +0.00 +0.00 +0.00 +0.00 -0.00
75 | +0.00 +0.00 +0.00 +001 +0.02 | +0.00 +0.00 +0.00 +001 +0.02 | -0.00 -0.00 -0.00 -0.00 +0.00
70 | +0.00 +0.00 +0.00 +0.03 +0.08 | +0.00 +40.00 4001 +005 +0.08 | -0.02 -0.02 -002 -0.01 +0.01
65 | +0.01 +001 +0.02 +008 +0.20 | +0.01 +40.01 +001 +007 4017 | -011 -0.07 -007 -0.05 +0.01
60 | +0.04 40.02 +0.03 +40.09 +0.28 | +0.01 4001 +0.01 +004 +0.19| -035 -020 -018 -0.17 -0.05
55 | +0.03 4002 +0.02 +0.04 +0.20| -0.03 -0.02 -001 -000 +012| -060 -039 -0.27 -031 -0.19
50 | -0.14 -007 -0.04 -0.03 +003| -018 -0.12 -007 -007 -003| -0.71 -054 -036 -0.36 -041
45 | 065 -040 -020 -016 -013| -035 -030 -021 -018 -018| -0.74 -062 -044 -040 -0.49
40 | 053 -046 -035 -027 -028 | -042 -041 -032 -027 -033| -062 -057 -048 -040 -0.49
35 | -036 -036 -032 -031 -033| -041 -040 -036 -034 -039| -052 -051 -045 -042 -048
30 | -034 -032 -031 -029 -032| -043 -043 -038 -035 -038| -055 -055 -050 -044 -045
25 | -032 -030 -025 -022 -023| -042 -040 -034 -028 -029| -058 -054 -045 -034 -033
20 | 029 -026 -020 -0.14 -014| -036 -032 -024 -016 -016| -045 -039 -026 -015 -0.14

SZA <= 90 deg. SZA =95 deg. SZA >= 100 deg.
90 90 90
80 80 ]
70 70
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Fig. A6. Pno,/ Q for January SH.
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P. T. Verronen and R. Lehmann: lonic reactions affecting middle atmosphere 929
Table A7. Pyo,/ Q for January SH.
o | 10t 1 10® 10* 10° | 100 12 16° 100 10° | 100 12 100 10t 10°
km SZA < 9 SZA - 95° SZA > 100°
90 | +0.00 +0.00 +0.00 +0.00 +0.00 | +0.00 +0.00 +0.00 +0.00 +0.00 | +0.00 +0.00 +0.00 +0.00 +0.00
85 | +0.00 +0.00 +0.00 +0.00 +0.00 | +0.00 +0.00 +0.00 +0.00 +0.00 | +0.00 +0.00 +0.00 +0.00 +0.00
80 | +0.00 +0.00 +0.00 +0.00 +0.01 | +0.00 +0.00 +0.00 +0.00 +0.01 | +0.01 +0.00 +000 +0.01 +0.01
75 | 4000 +0.00 +0.00 +0.00 +0.01 | +0.00 +0.00 +0.00 +0.01 +0.01 | +0.01 +0.00 +0.01 +0.01 +0.02
70 | 4001 +0.01 +001 +0.01 +0.02 | +0.01 +001 +0.01 +0.01 +0.02 | +0.03 +0.02 +0.02 +0.02 +0.02
65 | +0.02 +0.01 +0.02 +0.05 +0.05| +0.03 +0.02 +0.03 +0.04 +0.03 | +0.02 +0.01 +0.01 +0.02 +0.03
60 | +0.10 +0.06 +006 +0.12 +0.11 | 4011 +0.05 +0.04 +0.04 +0.04 | +0.03 +0.01 +0.01 +0.01 +0.02
55 | +0.36 +0.19 +0.13 +0.19 +0.16 | +0.18 +0.06 +0.03 +0.02 +0.02 | +0.07 +0.02 +0.01 +0.01 +0.01
50 | +0.92 4047 +0.25 +0.22 +0.16 | +0.19 +0.07 +0.02 +001 +0.01 | +0.14 +0.05 +0.02 +0.01 +0.01
45 | +145 4085 +0.39 +0.21 +0.11 | +0.08 +0.08 +0.04 +40.02 +0.01 | +0.09 +0.10 +0.04 +0.02 +0.01
40 | +045 +040 4028 +0.15 +0.07 | +0.01 +0.03 +0.05 +0.04 +0.03 | +0.02 +0.04 +0.06 +0.04 +0.03
35 | +0.04 +0.05 +0.06 +0.09 +0.06 | +0.01 +0.01 +0.03 +0.07 +0.06 | +0.01 +0.01 +0.03 +0.07 +0.06
30 | +0.00 +0.01 +40.02 +0.04 +0.05 | +0.00 +0.01 +0.02 +0.04 +0.05 | +0.00 +0.01 +0.02 +0.04 +0.06
25 | +0.00 +0.00 +0.01 +0.02 +0.03 | +0.00 +0.00 +0.01 +0.02 +0.03 | +0.00 +0.01 +0.01 +0.03 +0.04
20 | +0.00 +0.00 +0.01 +0.01 +0.02 | +0.00 +001 +0.01 +0.01 +0.02 | +0.00 +0.01 +0.01 +0.02 +0.02
SZA <= 90 deg. SZA = 95 deg. SZA >= 100 deg.
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Fig. A7. PNog/ Q for January SH.
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930 P. T. Verronen and R. Lehmann: lonic reactions affecting middle atmosphere

Table A8. Pn,05/Q for January SH.

o | 10t 1 10® 10* 10° | 100 12 16° 100 10° | 100 12 100 10t 10°

km SZA < 90° SZA = 95° SZA > 100

90 | +0.00 -0.00 -0.00 -0.00 -0.00 | +0.00 -000 -000 -0.00 -0.00| —-0.00 -0.00 -0.00 -0.00 -—0.00
85 | -0.00 -000 -0.00 -0.00 -000| -000 -000 -000 -0.00 -0.00| -0.00 -0.00 -000 -0.00 -0.00
80 | -0.00 -000 -000 -000 -000| -000 -000 -000 -0.00 -0.00| -0.00 -0.00 -000 -0.00 -0.00
75 | =000 -000 -000 -000 -0.00| -000 -0.00 -000 -000 -0.00| -0.00 -0.00 -0.00 -0.00 -0.00
70 | -0.00 -000 -000 -000 -0.00| -000 -0.00 -000 -000 -0.00| -0.00 -0.00 -0.00 -0.00 -0.00
65 | -0.00 -000 -000 -0.00 -0.00| -000 -0.00 -000 -000 -0.00| -0.00 -0.00 -0.00 -0.00 -—-0.00
60 | -0.00 -000 -000 -0.00 -0.00| -0.00 -0.00 -000 -000 -0.00| -0.00 -0.00 -0.00 -0.00 -0.00
55 | -0.00 -000 -0.00 -0.00 -000| -000 -000 -000 -0.00 -0.00| -0.00 -0.00 -0.00 -0.00 -0.00
50 | -0.00 -000 -0.00 -0.00 -000| -0.00 -000 -000 -0.00 -0.00| -0.00 -0.00 -0.00 -0.00 -0.00
45 | -0.00 -000 -0.00 -0.00 -000| -0.00 -000 -000 -0.00 -0.00| —-0.00 -0.00 -0.00 -0.00 -0.00
40 | -0.00 -000 -0.00 -0.00 -000| -0.02 -001 -001 -0.01 -001| -0.03 -0.03 -002 -0.02 -0.02
35 | -002 -001 -001 -001 -001| -0.04 -003 -003 -003 -002| -008 -007 -0.07 -0.07 -0.06
30 | -002 -002 -001 -001 -001| -0.04 -003 -003 -002 -002| -008 -—-007 -0.06 -0.05 -0.05
25 | -001 -001 -001 -001 -001|-003 -0.03 -002 -001 -001| -006 -006 -—-005 -0.03 -0.03
20 | -002 -002 -001 -001 -001| -003 -0.03 -002 -001 -0.01| -007 -0.06 -0.04 -002 -0.02

SZA <= 90 deg. SZA = 95 deg. SZA >= 100 deg.
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Fig. A8. Pn,0,/Q for January SH.
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P. T. Verronen and R. Lehmann: lonic reactions affecting middle atmosphere 931
Table A9. Poy/ Q for January NH.

o | 100 12 1® 10* 10° | 100 1?2 108 100 10° | 100 12 100 100 10°
km SZA < 90° SZA = 95° SZA > 100

90 | +0.00 4000 4000 +0.00 +0.00 | 4+0.00 +0.00 +0.00 +0.00 +0.00 | +0.00 +0.00 +0.00 +40.00 +0.00
85 | +0.20 +0.14 4006 +0.02 +0.00 | 4+0.10 +0.07 +0.04 +0.01 +0.00| +0.13 +0.10 +0.05 4001 +40.00
80 | +0.87 4085 4074 4047 +015| 4087 +0.84 +0.73 +044 +0.12| +0.87 +0.86 +0.76 4048 +0.11
75 | +0.89 +0.88 +0.87 +0.78 +051 | +0.90 +0.89 +0.86 +0.75 +0.45| +0.90 +0.88 +0.89 +0.80 +0.48
70 | +0.90 +0.89 +0.89 +0.87 +0.79 | +0.89 +0.90 +0.89 +0.87 +0.75| +0.91 +0.91 +0.90 +0.89 +0.78
65 | +0.90 +0.90 +091 +0.90 +0.88 | +0.92 +0.92 +0.92 +0.92 +0.87 | +0.92 +0.93 +0.94 +0.94 +0.90
60 | +0.91 4092 +091 +092 +091 | +094 +095 +0.97 +0.99 +0.96 | +0.93 +0.95 +0.98 +1.00 +0.99
55 | +0.93 4095 4095 +0.97 +0.95| +0.95 +0.99 +1.02 +1.07 +105| +0.94 +0.98 +1.02 +107 +1.09
50 | +0.96 +097 4100 +1.02 +1.02 | 4095 +1.00 +1.05 +1.10 +116| +0.92 +0.98 +1.04 +110 +1.17
45 | +1.07 4104 4103 +1.03 +1.05| 4+1.02 +1.02 +1.03 +1.07 +113| +0.94 +0.98 +1.04 +109 +1.13
40 | +129 4120 4110 +1.03 +1.03| +1.18 +1.14 +1.10 +1.07 +105| +1.08 +1.07 +1.06 +1.04 +1.05
35 | 4131 4123 4116 +1.05 +1.02 | +1.30 +1.24 +1.14 +1.05 +101| +1.17 +115 +1.09 +1.01 4099
30 | +115 +112 +104 4097 +096 | +1.03 +0.99 +0.96 +0.92 +0.93 | +0.98 +0.96 +0.92 +0.93 +0.92
25 | +41.08 4104 4098 4093 +092 | 4096 4094 +0.93 +091 +092| +0.95 +0.95 4092 4092 +0.90
20 | +0.98 +0.95 +0.93 +0.92 +0.90 | +0.93 +0.92 +0.92 +0.91 +0.92 | +0.92 +0.94 +091 +090 +0.91

SZA <= 90 deg. SZA =95 deg. SZA >=100 deg.

Fig. A9. Pon/Q for January NH.
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932 P. T. Verronen and R. Lehmann: lonic reactions affecting middle atmosphere

Table A10. Pyno,/Q for January NH.

o | 100 1? 168 10* 10° | 1200 1® 108 10* 10° | 100 1? 10 100 @ 10°

km SZA < 90 SZA = 95° SZA > 1000

90 | -0.00 -000 -000 -000 -000|-000 -000 -000 -0.00 -0.00| -0.00 -0.00 -000 -0.00 -0.00
85 | -0.00 -000 -0.00 -0.00 -000| -000 -000 -000 -0.00 -0.00| -0.00 -0.00 -000 -0.00 -0.00
80 | -0.00 -000 -0.00 -0.00 -000| +0.00 -000 -000 -0.00 -0.00| +0.01 +40.00 -0.00 -0.00 -0.00
75 | 40.05 +002 +0.00 +0.00 +000 | +0.04 +001 +0.00 +0.00 +0.00| +0.06 +0.03 +0.00 +0.00 +0.00
70 | 4+0.09 +0.07 +0.03 +40.01 +000 | +0.09 +0.06 +0.03 +0.01 +0.00| +0.09 +0.08 +0.05 +0.01 +0.00
65 | +0.10 +009 +0.08 +40.06 +003| +0.10 +0.09 +40.08 +005 +0.02| +0.10 +0.09 +0.08 +0.06 +0.02
60 | +010 +0.10 +0.10 +0.09 +0.07| +0.10 +0.10 +0.09 +008 +0.05| +0.10 +0.10 +0.09 +0.08 +0.06
55 | +0.10 +0.10 +0.10 +0.10 +0.09 | +0.10 +010 +0.10 +009 +0.08 | +0.10 +0.10 +0.10 +0.09 +0.08
50 | +0.10 +0.10 +0.10 +0.10 +0.10 | +0.10 +010 +010 +010 +0.09 | +010 +0.10 +0.10 +0.10 +0.09
45 | +0.10 +0.10 +0.10 +0.10 +0.10 | +0.10 +0.10 +010 +0.10 +0.10 | +010 +0.10 +0.10 +0.10 +0.10
40 | +0.10 +0.10 +0.10 +0.10 +010 | +0.10 +010 +010 +0.10 +0.10 | +010 +0.10 +0.10 +010 +0.10
35 | +0.10 +010 +0.10 +0.10 +010 | +0.10 +010 +010 +010 +0.10 | +010 +0.10 +0.10 +0.10 +0.10
30 | +0.10 +0.10 +0.10 +0.10 +0.10 | +0.10 +010 +010 +010 +0.10 | +010 +0.10 +0.10 +0.10 +0.10
25 | 4010 +0.10 +0.10 +0.10 +010| +0.10 +0.10 +010 +0.10 +0.10| +0.10 +0.10 +0.10 +0.10 +0.10
20 | 4010 +0.10 +0.10 +0.10 +010| +0.10 +0.10 +010 +0.10 +0.10| +0.10 +0.10 +0.10 +0.10 +0.10

SZA <= 90 deg. SZA = 95 deg. SZA >= 100 deg.
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Fig. A10. Pyno,/ @ for January NH.
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P. T. Verronen and R. Lehmann: lonic reactions affecting middle atmosphere 933
Table A11. P4/ Q for January NH.

o | 100 1?18 10* 10° | 100 1® 100 10* 10° | 100 1?10 100 1P
km SZA < 90° SZA = 95° SZA > 100°

90 | 40.00 +0.00 +0.00 4000 +0.00 | +0.00 +0.00 +40.00 +0.00 +40.00 | +0.00 +40.00 +0.00 +40.00 +0.00
85 | +0.20 +0.14 +0.06 +0.02 +0.00 | +0.10 +0.07 +0.04 +0.01 +0.00| +0.13 +0.10 +0.05 +0.01 +0.00
80 | +0.87 4085 +0.74 +047 +015| +0.87 +0.84 +0.73 +044 +0.12 | +0.87 +0.84 +0.76 +0.48 +0.11
75 | +0.94 4090 4087 +0.78 +051 | 4093 +090 +0.86 +0.75 +0.45| +0.92 +0.90 +0.87 +0.78 4047
70 | 4099 4096 4092 4088 +0.78 | 4098 +0.96 +0.91 +0.87 +0.74| +0.93 +0.94 +090 4085 +0.76
65 | +1.00 4099 4098 4095 +0.88 | 4098 4097 +0.95 +0.90 +0.84 | +0.84 +0.89 +0.88 4084 4081
60 | +1.00 +1.00 +099 +097 +093 | +092 +094 +0.92 +0.87 +0.85| +0.64 +0.77 +0.78 +0.75 +0.76
55 | +1.00 +0.99 +099 +0.94 +091 | +0.80 +0.84 +0.84 +0.78 +0.77 | +0.46 +0.59 +0.67 +0.61 +0.63
50 | 4099 +0.98 +0.96 4089 +0.80 | +0.66 +0.70 4073 +0.68 +0.62 | +0.39 4045 +055 4051 4044
45 | 4093 +0.92 4090 4083 4072 | 4050 4058 4065 +0.64 +055| 4+0.34 4041 +050 +048 +0.37
40 | +045 +058 +0.72 4076 4070 | 4027 +0.39 4056 +0.65 +0.60 | +0.19 +0.30 +046 +0.54 +0.46
35 | 40.14 +024 4044 4065 +0.70 | +0.16 +0.27 4047 +063 4065 | +0.12 4021 +039 4054 4054
30 | +020 4035 4061 +0.80 +0.84 | +0.39 +056 +0.75 +0.86 +0.87 | +0.32 +047 +0.68 +0.80 +0.82
25 | +0.46 4061 4080 +091 +093| 4+0.75 +0.82 +0.91 +0.95 +0.96 | +0.68 +0.76 +0.88 +0.93 +0.94
20 | +0.74 4082 4091 4096 +0.97 | 4090 +0.93 +0.96 +0.98 +0.98 | +0.87 +0.90 +095 4098 +0.98

SZA <= 90 deg. SZA =95 deg. SZA >= 100 deg.
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Fig. A11. P4/ Q for January NH.
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934 P. T. Verronen and R. Lehmann: lonic reactions affecting middle atmosphere

Table A12. Pyno,/ Q for January NH.

o | 100 12 1® 10* 10° | 100 1 10® 100 10° | 100 12 100 100 10°

km SZA < 9r° SZA = 95° SZA > 100

90 | -0.00 -000 -0.00 -0.00 -000| -000 -000 -000 -0.00 -0.00| —-0.00 -0.00 -0.00 -0.00 -0.00
85 | -0.00 -000 -0.00 -0.00 -000| -000 -000 -000 -0.00 -0.00| —-0.00 -0.00 -0.00 -0.00 -—0.00
80 | +0.00 +0.00 +0.00 +0.00 +0.00 | +0.00 -0.00 +0.00 +0.00 +0.00 | +0.01 +0.00 -0.00 +0.00 +0.00
75 | +0.00 +40.00 4000 +0.00 +0.00| -0.01 -0.00 -000 -0.00 +0.00| +0.02 +0.01 +0.00 -0.00 -0.01
70 | -0.00 -000 4000 -000 -0.01| -000 -0.00 -0.01 -001 -001| +0.05 +0.03 4003 +0.01 -0.00
65 | -0.00 -000 -001 -001 -001| +000 -0.00 -001 -001 -0.01| +0.14 +0.07 +0.06 +0.04 +0.01
60 | -0.01 -002 -002 -0.02 -001| +0.04 +001 +0.00 +0.00 -000| +033 +0.18 +0.13 +0.11 +0.05
55 | -0.03 -004 -0.04 -003 +001 | +0.15 +0.07 +0.04 +004 +0.04 | +050 +0.33 +021 +0.21 +0.14
50 | -0.05 -005 -0.06 -001 +006 | +029 +020 +0.12 +0.12 +0.11 | +059 +047 +031 +0.29 +0.28
45 | -0.10 -006 -0.03 +004 +0.13 | +046 4034 +022 +019 4022 | +0.70 4055 +038 +0.33 +0.40
40 | 4032 +024 +0.14 +013 +0.17 | +099 +40.77 4044 +026 +0.27 | +119 4097 +060 4040 4041
35 | +081 +0.73 4050 +028 +0.20 | +1.14 4097 4065 +038 4030 | +131 +1.14 +082 4053 4043
30 | +1.07 4085 +049 4023 +40.14 | +114 4081 +043 +024 4016 | +1.32 4099 4058 +033 +0.24
25 | +0.74 +053 +0.26 +0.12 +009 | +0.43 +030 +0.14 +0.08 +0.06 | +057 +039 +0.20 +0.11 +0.10
20 | +0.40 +029 +0.14 +0.06 +005| +0.17 +0.13 +0.06 +0.03 +0.02| +0.23 +0.16 +0.08 +0.04 +0.03

SZA <= 90 deg. SZA =95 deg. SZA >= 100 deg.
90 90 90
80 80 80 1.2
70 70 70 1
£ e0 60 60 0.8
(]
< 0.6
£ 50 50
<
0.4
40 40
0.2
30 30
0
20 20
100 100 10° 10 10° 100 100 10° 10 10° 10°

lonization rate (cm_?’s_l)

Fig. A12. Pyno,/ Q for January NH.
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P. T. Verronen and R. Lehmann: lonic reactions affecting middle atmosphere 935
Table A13. Pyo/ Q for January NH.
o | 100 12 1® 10* 10° | 100 1?2 108 100 10° | 100 12 100 100 10°
km SzA < elog SzA = 95° SZA > 100°
90 | +0.00 +0.00 +0.00 +0.00 +0.00 | +0.00 +40.00 4000 +0.00 +0.00 | +0.00 +0.00 +0.00 +0.00 +0.00
85 | +0.00 +0.00 +0.00 +0.00 +0.00 | +0.00 +40.00 +0.00 +0.00 +0.00 | +0.00 +0.00 +0.00 +0.00 +0.00
80 | +0.00 -0.00 -0.00 -000 -0.00| +0.00 +0.00 -000 -0.00 -0.00| -0.01 -001 +000 -0.00 -0.00
75 | 4000 -0.00 -000 -000 —000| —0.00 +0.00 +0.00 +0.00 -0.00| -0.02 -0.01 -001 -001 +0.00
70 | +0.00 +0.00 -000 -0.01 -001| -0.01 -001 +0.00 -001 -0.02| -0.04 -002 -0.03 -003 -003
65 | —0.01 -001 -001 -003 -006| -004 -002 -002 -004 -006| -0.07 -004 -004 -004 -0.05
60 | —0.06 -003 -004 -007 -014| -013 -006 -005 -007 -012| -010 -0.05 -0.04 -006 -0.07
55 | -023 -013 -010 -013 -022| -031 -015 -009 -009 -0.16| -0.07 -0.04 -003 -004 -0.08
50 | 060 -034 -019 -019 -025| -042 -025 -013 -012 -0.15| -002 -001 -001 -001 -0.05
45 | —-097 -055 -026 -019 -022| -032 -024 -016 -0.13 -0.15| -000 -000 -000 -000 -0.01
40 | -045 -035 -020 -015 -0.16| —017 -014 -010 -0.09 -0.10| —-000 -000 -0.00 -0.00 -0.00
3 | -013 -011 -009 -007 -007 | —0.06 -0.05 -0.04 -0.03 -0.04| -000 -000 -000 -0.00 -0.00
30 | 007 -006 -004 -002 -002| —-003 -0.02 -001 -0.01 -0.01| -000 -000 -000 -000 -0.00
25 | -0.03 -002 -001 -001 -001|-001 -000 -000 -000 -0.00| -0.00 -0.00 -0.00 -0.00 -0.00
20 | -001 -001 -000 -000 -000| -000 -0.00 -000 -000 -000| -0.00 -0.00 -0.00 -0.00 -0.00
SZA <= 90 deg. SZA =95 deg. SZA >= 100 deg.
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Fig. A13. Pno/ Q for January NH.
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936 P. T. Verronen and R. Lehmann: lonic reactions affecting middle atmosphere

Table A14. Pno,/ Q for January NH.

o | 100 1? 168 10* 10° | 1200 1® 108 10* 10° | 100 1? 10 100 @ 10°

km SZA < 90 SZA = 95° SZA > 1000

90 | +0.00 +0.00 +0.00 +0.00 +0.00 | +0.00 +0.00 +0.00 +0.00 +0.00 | +0.00 +0.00 +0.00 +0.00 +0.00
85 | +0.00 +0.00 +0.00 +0.00 +0.00 | +0.00 +0.00 +0.00 +0.00 +0.00 | +0.00 +0.00 +0.00 +0.00 +0.00
80 | +0.00 +0.00 +0.00 +0.00 +0.00 | +0.00 +0.00 +0.00 +0.00 +0.00 | +0.00 +0.00 +0.00 +0.00 +0.00
75 | 4+0.00 +000 +0.00 +0.00 +0.00 | +0.00 +0.00 +0.00 +0.00 +0.00| —-0.00 -0.00 -0.00 +0.00 +0.01
70 | 40.00 +000 +0.00 +40.01 +001| +0.00 +0.00 +0.01 +001 +002| -002 -0.02 -0.01 +0.00 +0.01
65 | +0.00 +000 +0.01 +40.02 +005| +0.01 +0.00 +40.01 +003 +005| -0.10 -0.05 -0.04 -0.02 +0.01
60 | +0.02 4001 +001 +005 +0.12| +001 +0.01 4001 +004 +0.09 | -027 -015 -011 -007 -001
55 | +0.05 +003 +0.02 +0.05 +0.14 | +0.01 4001 +000 +0.02 +40.09 | -050 -032 -020 -0.19 -0.09
50 | +0.02 4001 +0.01 +0.02 +0.09 | -0.07 -0.04 -003 -002 4002 | -068 -051 -032 -0.29 -0.25
45 | -0.21 -012 -006 -0.04 -002| -021 -0.16 -010 -008 -0.09 | -0.74 -061 -041 -036 -041
40 | -043 -032 -019 -012 -012| -030 -028 -021 -016 -022| -066 —-058 -046 -041 048
35 | -03 -036 -027 -021 -020| -039 -036 -029 -025 -029| -062 -056 —-046 -043 -0.49
30 | -049 -039 -024 -015 -013| -046 -034 -020 -014 -014| -061 -048 -032 -021 -0.23
25 | -034 -024 -012 -0.07 -006| -018 -014 -007 -0.05 -004| -027 -020 -011 -0.06 —0.08
20 | -017 -012 -0.06 -0.03 -004 | -007 -005 -002 -0.01 -001| -011 -0.06 -004 -0.02 -0.02

SZA <= 90 deg. SZA = 95 deg. SZA >= 100 deg.
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Fig. Al4. Pyo,/ Q for January NH.
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P. T. Verronen and R. Lehmann: lonic reactions affecting middle atmosphere 937
Table A15. PN,/ Q for January NH.
o | 100 1? 10® 10* 10° | 100 10 108 100 10° | 100 12 100 100 10°
km SZA < el SZA = 95° SZA > 100°
90 | +0.00 +0.00 +0.00 +0.00 +0.00 | +0.00 +0.00 +0.00 +0.00 +40.00 | +0.00 +0.00 +0.00 +0.00 +0.00
85 | +0.00 +0.00 +0.00 +0.00 +0.00 | +0.00 +0.00 +0.00 +0.00 +0.00 | +0.00 +0.00 +0.00 +0.00 +0.00
80 | +0.00 +0.00 +0.00 +0.00 +0.00 | +0.00 +0.00 4000 +0.00 +0.00 | +0.00 +0.01 +0.00 +0.00 +0.00
75 | 40.00 +000 +0.00 +40.00 +0.00 | +0.01 +0.00 +40.00 +0.00 +0.00| +0.00 +0.00 +0.01 +0.01 +0.00
70 | 4000 4000 +0.00 +000 4001 | +001 +0.01 +0.00 +0.01 +0.01 | +0.01 +0.01 +0.01 4002 +0.02
65 | +0.01 4001 4001 +002 4002 | +0.03 +0.02 +0.02 +0.02 +0.02 | +0.03 +0.02 +0.02 +0.02 +0.03
60 | +0.05 +0.04 +005 +004 +003 | +0.08 +0.04 +0.04 +0.03 +0.03 | +0.04 +0.02 +0.02 +0.02 +0.03
55 | 4021 +0.14 +012 +0.11 +0.07 | +0.15 +0.07 +0.05 +0.03 +0.03 | +0.07 +0.03 +0.02 +0.02 +0.03
50 | +0.63 +0.38 +024 +0.18 +0.10 | +0.20 +0.09 +0.04 +0.02 +0.02 | +0.11 +0.05 +0.02 +0.01 +0.02
45 | +128 +073 +035 +0.19 +0.11 | +0.15 +0.10 +0.04 +0.02 +0.02 | +0.12 +0.10 +0.05 +0.03 +0.02
40 | 40.72 4055 +031 4016 +0.11 | 4+0.02 4005 +007 +0.07 +40.07 | +0.038 +40.05 +0.08 +0.09 +0.09
35 | +0.03 4004 +0.06 +0.08 +0.09 | +0.01 4002 +0.04 +0.06 +0.09 | +0.01 +0.02 +0.04 +0.08 +0.12
30 | +0.01 +0.02 +0.08 +0.04 +005| +001 +0.01 +002 +0.03 +0.05| +0.01 +0.01 +0.02 +0.04 +0.07
25 | 40.01 +001 +0.01 +40.02 +002| +0.00 +0.00 +0.01 +001 +0.02| +0.00 +0.01 +0.01 +0.01 +0.02
20 | 40.00 +0.00 +0.00 +001 4001 | +0.00 +0.00 +0.00 +0.00 +0.01 | +0.00 +0.00 -+0.00 +0.00 +0.01
SZA <= 90 deg. SZA = 95 deg. SZA >= 100 deg.
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Fig. A15. Pno,/ Q for January NH.
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938 P. T. Verronen and R. Lehmann: lonic reactions affecting middle atmosphere

Table A16. PN,0./Q for January NH.

o | 1 1 100 10* 10° | 100 10?2 10® 100 10° | 100 10*? 10®0 100 @ 10°

km SZA < 90° SZA = 95° SZA > 100

90 | +0.00 +0.00 -0.00 -000 -0.00  +0.00 +0.00 +0.00 -000 -0.00| -0.00 +0.00 +0.00 +0.00 -0.00
85 | -0.00 -000 -0.00 -0.00 -000| -000 -000 -000 -0.00 -0.00| -0.00 -0.00 -000 -0.00 -0.00
80 | -0.00 -000 -0.00 -0.00 -000| -000 -000 -000 -0.00 -0.00| -0.00 -0.00 -000 -0.00 -0.00
7 | -0.00 -000 -000 -0.00 -0.00| -0.00 -0.00 -000 -000 -0.00| -0.00 -0.00 -0.00 -0.00 -0.00
70 | -0.00 -000 -000 -0.00 -0.00| -0.00 -0.00 -000 -000 -0.00| —-0.00 -0.00 -0.00 -0.00 -0.00
65 | -0.00 -000 -000 -0.00 -0.00| -0.00 -0.00 -000 -000 -0.00| —-0.00 -0.00 -0.00 -0.00 -—-0.00
60 | -0.00 -000 -000 -0.00 -0.00| -0.00 -0.00 -0.00 -000 -0.00| —0.00 -0.00 -0.00 -0.00 -—0.00
55 | -0.00 -0.00 -0.00 -000 -000| -000 -000 -000 -0.00 -0.00| -0.00 -0.00 -000 -0.00 -—0.00
50 | -0.00 -0.00 -0.00 -000 -000| -000 -000 -000 -0.00 -0.00| -0.00 -0.00 -000 -0.00 -0.00
45 | -0.00 -000 -0.00 -0.00 -000| -004 -002 -000 -0.00 -0.00| -0.04 -0.02 -001 -0.00 -0.00
40 | -0.08 -006 -0.03 -001 -000| -027 -020 -010 -0.04 -001| -028 -022 -011 -0.04 -0.01
3 | -018 -015 -010 -004 -001| -035 -029 -018 -0.08 -003| -035 -030 -020 -0.09 -0.03
3 | -026 -021 -012 -005 -002| -033 -023 -012 -0.06 -003| -036 -026 -014 -0.08 -0.04
25 | -019 -014 -007 -0.03 -002| -012 -0.08 -004 -002 -0.02| -0.15 -010 -0.05 -0.03 -0.02
20 | -011 -008 -004 -002 -0.01| -005 -0.04 -002 -001 -0.01| -006 -0.05 -0.02 -001 -001

SZA <= 90 deg. SZA =95 deg. SZA >=100 deg.
90 90 90
0
80 80 80
-0.05
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< -0.15
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Fig. A16. Pn,0/ Q for January NH.
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P. T. Verronen and R. Lehmann: lonic reactions affecting middle atmosphere 939
Table A17. Poy/ Q for October NH.

Q | 1 1 100 100 10° | 100 1? 1¢® 10* 10° | 100 1® 100 100 @ 10°
km SZA < 90° SZA = 95° SZA > 100°

90 | 40.00 +0.00 +0.00 4000 +0.00 | +0.00 +0.00 +40.00 +0.00 +40.00 | +0.00 +40.00 +0.00 +0.00 +40.00
85 | 4024 +0.16 +0.07 4002 +0.00 | +0.21 +0.14 4006 +0.02 40.00 | +0.27 +40.19 +0.08 +0.02 +40.00
80 | 4088 +0.86 +0.76 4050 +0.17 | +0.88 +0.85 4076 +051 40.16 | +0.89 4087 +0.79 4057 40.16
75 | 4089 +0.89 +0.88 4080 +056 | +0.89 +0.89 4087 +0.80 4054 | +0.90 4090 +090 +0.84 4059
70 | +090 4090 +0.89 +0.87 +0.80 | +0.90 +0.90 +0.90 +0.89 +0.79 | +0.89 +0.90 +0.91 +0.90 +0.82
65 | +0.90 4090 4091 4090 +0.88 | 4091 +091 +0.93 +0.93 +0.90 | +0.92 +0.90 +0.92 4095 40091
60 | +091 4092 4092 4094 +092 | 4093 4094 +0.96 +0.98 +0.96 | +0.93 +0.95 +098 +101 +1.01
55 | 4093 4095 4096 +0.97 +097 | 4093 4097 +1.00 +1.04 +1.06| +0.93 +0.96 +1.01 +106 +1.09
50 | +0.96 4097 4101 +1.03 +1.03| 4095 4098 +1.03 +1.08 +1.14 | +0.92 +095 +1.02 4109 +1.15
45 | +112 +104 +102 +1.02 +1.03| +1.02 +1.01 +1.02 +1.04 +1.08| +0.96 +0.97 +0.99 +1.02 +1.08
40 | +121 +114 4105 +1.01 +1.00 | +1.10 +1.09 +1.04 +1.00 +1.02 | +1.01 +1.00 +1.00 +0.99 +1.00
35 | 4122 4117 4109 +1.01 +1.02 | 4112 +1.11 +1.05 +0.99 +0.99 | +1.03 +1.03 +1.01 4097 4097
30 | 4115 4111 4104 4096 +097 | +1.07 +1.03 +1.00 +0.95 +0.93 | +1.02 +0.99 +0.96 +093 40093
25 | 41.08 +1.05 +40.96 4093 +092 | +1.02 +1.00 4095 +092 4092 | +1.00 4099 +095 +0.91 +40.90
20 | +1.03 4100 4096 +0.92 +091 | +1.01 +0.99 +0.94 +0.92 +091| +1.01 +1.00 +0.95 +091 +0.90

SZA <= 90 deg. SZA =95 deg. SZA >=100 deg.
90 90

Altitude (km)

Fig. A17. Poy/ Q for October NH.
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940 P. T. Verronen and R. Lehmann: lonic reactions affecting middle atmosphere

Table A18. Pyno,/ Q for October NH.

o | 100 1?2 1® 10* 10° | 100 1 108 100 10° | 100 12 100 100 10°

km SZA < 9r° SZA = 95° SZA > 1000

90 | -0.00 -000 -0.00 -0.00 -000| -000 -000 -000 -0.00 -0.00| —-0.00 -0.00 -0.00 -0.00 -0.00
85 | -0.00 -000 -0.00 -0.00 -000| -0.00 -000 -000 -0.00 -0.00| —-0.00 -0.00 -0.00 -0.00 -—0.00
80 | -0.00 -000 -0.00 -000 -0.00 | +001 +0.00 +0.00 -000 -0.00| +0.01 +0.00 +0.00 -0.00 -0.00
75 | +0.06 4002 4000 +0.00 +0.00| +0.06 +0.02 +0.00 +0.00 +0.00 | +0.07 +0.04 +0.01 +40.00 +0.00
70 | +0.09 +0.07 +0.04 +0.01 +000 | +0.09 +0.07 +0.04 +0.01 +000| +0.10 +0.09 +0.06 +0.02 +0.00
65 | +0.10 +0.09 +0.08 +0.05 +002| +0.10 +0.09 +0.08 +0.06 +0.02| +0.10 +0.10 +0.09 +0.06 +0.03
60 | +0.10 +0.10 +0.10 +0.09 +007| +0.10 +0.10 +010 +0.09 +007| +0.10 +0.10 +0.09 +0.09 +0.07
55 | +0.10 +0.10 +0.10 +0.10 +009 | +0.10 +0.10 +010 +0.10 +009| +0.10 +0.10 +0.10 +0.10 +0.09
50 | +0.10 +0.10 +0.10 +0.10 +0.10 | +0.10 +0.10 +010 +0.10 +0.10 | +010 +0.10 +0.10 +0.10 +0.09
45 | +0.10 +0.10 +0.10 +0.10 +0.10 | +0.10 4010 +010 +0.10 +0.10 | +010 +0.10 +0.10 +0.10 +0.10
40 | +0.10 +0.10 +0.10 +0.10 +0.10 | +0.10 4010 +010 +0.10 +0.10 | +010 4010 +0.10 4010 +0.10
35 | +0.10 +0.10 +0.10 +0.10 +0.10 | +0.10 4010 4010 +0.10 +40.10 | +010 4010 +0.10 4010 +0.10
30 | +0.10 +0.10 +010 +0.10 +0.10| +010 +0.10 +0.10 +010 +0.10| +010 +0.10 +0.10 +0.10 +0.10
25 | +0.10 +0.10 +0.10 +0.10 +0.10| +0.10 +0.10 +010 +0.10 +010| +0.10 +0.10 +0.10 +0.10 +0.10
20 | +0.10 +0.10 +0.10 +0.10 +0.10]| +0.10 +0.10 +010 +0.10 +010| +0.10 +0.10 +0.10 +0.10 +0.10

SZA <= 90 deg. SZA = 95 deg. SZA >= 100 deg.
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(]
e}
=)
£ 50 50 50
< 0.04
40 40 40
0.02
30 30 30
O J
20 20 20
100 100 10° 10 10° 100 10> 10> 10 10° 100 100 100 10° 10°

lonization rate (cm_3s_1)

Fig. A18. Pyno,/ Q for October NH.
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P. T. Verronen and R. Lehmann: lonic reactions affecting middle atmosphere 941
Table A19. Py/ Q for October NH.
o | 100 12 1® 10* 10° | 100 10?2 10® 100 10° | 100 12 100 100 10°
km SZA < 90° SZA = 95° SZA > 100
90 | +0.00 4000 4000 +0.00 +0.00 | 4+0.00 +0.00 +0.00 +0.00 +0.00 | +0.00 +0.00 +0.00 +0.00 +0.00
85 | +0.24 4016 4007 +40.02 +0.00 | 4+0.21 +0.14 +0.06 +0.02 +0.00 | +0.27 +0.19 +0.08 +0.02 +40.00
80 | +0.88 +0.86 +0.76 +050 +0.17 | +0.89 +0.85 4076 +0.51 +0.16 | +0.89 4086 +0.79 +0.57 +0.16
75 | +095 +091 +0.88 +0.80 +056 | +0.95 +091 +0.87 +0.80 +0.54 | +0.95 +0.93 +0.88 +0.82 +0.58
70 | 4099 4097 4093 4088 +0.79 | 4099 4097 +0.93 +0.87 +0.78| +0.94 +0.94 +0.90 4086 +0.78
65 | +1.00 +0.99 +098 +0.94 +0.87 | +098 +0.98 +0.96 +0.92 +0.85| +0.83 +0.89 +0.87 +0.84 +0.82
60 | +1.00 +100 +0.99 +096 +0.92 | +0.92 +095 +0.92 +0.88 +0.85| +0.64 +0.77 +0.78 +0.74 +0.76
55 | +1.00 4099 +098 +0.94 +0.89 | +0.81 +0.85 +0.85 +0.77 +0.76 | +047 +0.60 +0.68 +0.61 +0.63
50 | +0.99 +098 4095 +0.88 +0.78 | +0.66 +0.71 +0.74 +0.68 +0.59 | +040 +0.47 +056 +051 +0.43
45 | +0.88 +0.90 +0.89 +0.82 4074 | +045 +058 +0.70 +0.70 +0.62 | +0.29 +0.43 +056 +0.56 +0.45
40 | +0.32 +047 +068 +077 4075 | +022 4036 4060 +0.73 +0.70 | +0.14 +0.26 +0.48 +0.63 +0.57
35 | +0.14 4026 4049 4069 +0.71 | 4+0.14 +0.26 +048 +0.68 +0.69 | +0.09 +0.18 +0.38 4058 +0.59
30 | +0.19 4033 4058 +0.77 +0.80 | 4022 +0.37 +0.61 +0.78 +0.81| +0.16 +0.29 +053 4072 +40.75
25 | 4042 4056 +0.78 4090 +0.92 | 4048 4061 +0.80 +0.90 +091| +041 +055 +0.76 +0.88 +0.89
20 | 4065 +0.73 +0.87 4094 +096 | +0.68 +0.76 4088 +0.94 4095 | +0.66 4074 +0.87 +0.94 4095
SZA <= 90 deg. SZA =95 deg. SZA >=100 deg.
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Fig. A19. P4/ Q for October NH.
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942 P. T. Verronen and R. Lehmann: lonic reactions affecting middle atmosphere

Table A20. Pyno,/ Q for October NH.

o | 100 12 18 10* 10° | 100 10 108 100 10° | 100 12 100 100 10°

km SZA < 9r° SZA = 95° SZA > 100

9 | -0.00 -000 -0.00 -0.00 -000| -000 -000 -000 -0.00 -0.00| -0.00 -0.00 -0.00 -0.00 -0.00
85 | -0.00 -000 -0.00 -0.00 -000| -000 -000 -000 -0.00 -0.00| -0.00 -0.00 -0.00 -0.00 -0.00
80 | +0.00 +0.00 +0.00 +0.00 +0.00 | +0.00 +40.00 4000 +0.00 +0.00 | +0.01 +0.01 +0.00 -0.00 +0.00
75 | +0.00 +0.00 +0.00 +0.00 +0.00| +0.00 -0.00 +0.00 -0.00 -0.00| +0.02 +0.01 +0.01 +0.00 -0.01
70 | -0.00 -000 4000 -000 -0.01| 4000 -0.00 -001 -001 -001| +0.05 +0.03 4003 +0.02 -0.00
65 | -0.00 -000 -001 -001 -0.01| 4001 -000 -0.01 -001 -001| +0.15 +0.09 4008 +40.05 +0.02
60 | -0.01 -002 -003 -0.03 -0.01| +0.05 +0.01 4000 +001 +0.00| 4033 +0.18 4013 +0.12 +0.06
55 | -0.03 -004 -0.04 -003 +001| +0.16 +0.08 +0.05 +0.07 +0.05| +050 +0.34 +021 +0.21 +0.15
50 | -0.05 -005 -0.06 -001 +007 | +029 +0.21 +0.13 +0.14 +0.15| +058 +048 +032 +030 +0.31
45 | -0.08 -004 -0.01 +006 +0.13 | +055 +037 +020 +0.16 +0.20 | +0.79 +058 +037 +0.32 +0.37
40 | +059 +045 +0.23 +0.14 +015| +092 +40.71 +038 +021 +0.20 | +113 +094 +058 +0.34 +0.35
35 | +0.88 +0.75 +048 +026 +0.19 | +1.14 4095 4061 +033 +40.26 | +1.30 +1.15 +081 4047 +0.38
30 | +098 +0.80 +048 +025 +0.17 | +1.19 4094 4055 +029 4022 | +134 +112 +071 4039 +0.30
25 | +0.74 4055 +028 +0.13 +0.10| +0.78 +057 +0.29 +0.14 +013 | +091 +0.68 +0.35 +0.19 +0.17
20 | +048 +035 +0.17 +0.08 +007 | +0.45 +033 +016 +0.08 +0.08 | +0.49 +036 +0.18 +0.09 +0.09

SZA <= 90 deg. SZA =95 deg. SZA >= 100 deg.
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Fig. A20. Pyno,/ Q for October NH.
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P. T. Verronen and R. Lehmann: lonic reactions affecting middle atmosphere 943
Table A21. Pyo/ Q for October NH.
o | 100 12 18 10* 10° | 100 10 10® 100 10° | 100 12 100 100 10°
km SZA < el SZA = 95° SZA > 100°
90 | +0.00 4000 +0.00 +0.00 +0.00 | +0.00 +0.00 +0.00 +0.00 +0.00 | +0.00 +0.00 +0.00 +0.00 +0.00
85 | +0.00 +0.00 +0.00 +0.00 +0.00 | +0.00 +0.00 +0.00 +0.00 +0.00 | +0.00 +0.00 +0.00 +0.00 +0.00
80 | +0.00 -0.00 -000 -000 -0.00| —-0.01 +0.00 -000 -0.00 -0.00| —-0.01 -001 -+000 +0.00 -0.00
75 | +0.00 -000 -000 -0.00 -0.00| —-0.01 4000 -0.00 -001 -001| -002 -001 -0.02 -001 -001
70 | +0.00 +0.00 -000 -0.01 -0.02| -0.01 -001 +0.00 -0.02 -0.02| -003 -002 -0.03 -0.03 -0.03
65 | -0.01 -001 -001 -0.04 -008| -005 -002 -0.02 -006 -008| —-007 -004 -0.04 -005 -005
60 | —0.06 -0.03 -004 -0.09 -018| -016 -007 -0.05 -009 -0.14| -010 -005 -0.04 -0.07 -0.08
55 | =023 -013 -011 -015 -025| -0.36 -0.17 -010 -0.11 -0.18 | —-007 -005 -003 -004 -0.09
50 | -062 -035 -019 -021 -027| -045 -026 -0.14 -013 -0.17| -002 -001 -001 -001 -0.04
45 | 096 -055 -026 -019 -022| -0.33 -025 -015 -0.13 -0.15| -000 -000 -000 -000 -0.01
40 | -033 -026 -017 -012 -013| -018 -015 -011 -0.08 -0.09 | -000 -000 -000 -0.00 -0.00
3 | -012 -011 -008 -006 -006| —0.08 -0.07 -0.05 -0.04 -0.04| -000 -000 -000 -0.00 -0.00
30 | =007 -005 -004 -002 -002| —-0.04 -003 -002 -0.01 -0.01| -000 -000 -000 -0.00 -0.00
25 | —0.03 -003 -001 -001 -001|-001 -001 -001 -000 -000| —-0.00 -0.00 -0.00 -0.00 -0.00
20 | -0.01 -001 -000 -000 -000| —-000 -000 -000 -0.00 -000| —-0.00 -0.00 -0.00 -0.00 —0.00
SZA <= 90 deg. SZA = 95 deg. SZA >= 100 deg.
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Fig. A21. PNo/ Q for October NH.
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944 P. T. Verronen and R. Lehmann: lonic reactions affecting middle atmosphere

Table A22. Pno,/ Q for October NH.

o | 10t 1 10® 10* 10° | 100 1?2 10° 100 10° | 10t 102 100 10t 10P

km SZA < 9r° SZA = 95° SZA > 100

90 | +0.00 +0.00 +0.00 +0.00 +0.00 | +0.00 +0.00 +0.00 +0.00 +0.00 | +0.00 +0.00 +0.00 +0.00 +0.00
85 | +0.00 +0.00 +0.00 +0.00 +0.00 | +0.00 +0.00 +0.00 +0.00 +0.00 | +0.00 +0.00 +0.00 +0.00 +0.00
80 | +0.00 +0.00 +0.00 +0.00 +0.00 | +0.00 +0.00 +0.00 +0.00 +0.00 | +0.00 +0.00 +0.00 +0.00 +0.00
75 | +0.00 +0.00 +0.00 +0.00 +000 | +0.00 +0.00 +0.00 +0.01 +0.00| -0.00 -0.00 -0.00 +0.01 +0.01
70 | +0.00 +000 +0.00 +0.01 +002| +0.00 +0.00 +0.00 +002 +002| -0.03 -0.02 -0.01 +0.00 +0.02
65 | +0.00 +000 +0.01 +0.03 +007 | +0.01 +0.00 +0.01 +005 +0.07| -0.10 -0.06 -0.05 -0.02 +0.01
60 | +0.02 +001 +0.02 +40.06 +0.15| +0.01 +001 +40.01 +005 +0.11| -027 -015 -011 -007 -0.01
55 | +0.05 +0.03 +0.02 +005 +0.16 | +0.00 +40.00 4000 +001 +40.10| -051 -033 -021 -0.20 -0.09
50 | +0.02 +001 +0.01 +0.02 4008 | -009 -006 -003 -0.03 +0.00| -0.69 -053 -034 -031 -0.29
45 | -0.26 -0.14 -0.07 -0.05 -003| -024 -019 -012 -010 -011| -077 -065 -—-047 -041 -0.44
40 | -038 -032 -021 -014 -014| -043 -036 -026 -021 -022| -0.78 -071 -056 -0.46 -0.50
35 | -044 -040 -030 -022 -020| -057 -049 -037 -027 -028| -0.79 -—-0.72 -057 -0.46 -0.48
30 | -050 -043 -027 -019 -016| -058 -049 -030 -020 -021| -0.73 -064 -044 -031 -0.30
25 | -038 -027 -016 -0.08 -007 | -040 -029 -015 -010 -010| -050 -037 -021 -013 -0.15
20 | -021 -017 -0.08 -005 -004| -021 -016 -009 -0.05 -005| -023 -0.17 -009 -0.06 -0.07

SZA <= 90 deg. SZA = 95 deg. SZA >= 100 deg.
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Fig. A22. PNo,/ Q for October NH.
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P. T. Verronen and R. Lehmann: lonic reactions affecting middle atmosphere

Table A23. PNo,/ Q for October NH.

945

o | 1t 1?2 10® 10* 10° | 100 1?2 1° 100 1° | 10t 102 100 10t 10P
km SZA < a0° SZA = 95° SZA > 100
90 | +0.00 +0.00 +0.00 +0.00 +0.00 | +0.00 +0.00 +0.00 +0.00 +0.00 | +0.00 +0.00 +0.00 +0.00 +0.00
85 | +0.00 +0.00 +0.00 +0.00 +0.00 | +0.00 +0.00 +0.00 +0.00 +0.00 | +0.00 +0.00 +40.00 +0.00 +0.00
80 | +0.00 +0.00 +0.00 +0.00 +0.00 | +0.01 +0.00 +40.00 +0.00 +0.00 | +0.00 +0.00 +40.00 +0.00 +0.00
75 | +0.00 +000 +0.00 +0.00 +0.00 | +0.01 +000 +0.00 +0.00 +0.01 | +0.00 +0.00 +0.01 +0.00 +0.01
70 | +0.00 +000 +0.00 +0.00 +0.01 | +0.01 +001 +0.01 +0.01 +0.01 | +0.01 +0.01 +0.01 +0.01 +0.01
65 | +0.01 +001 4001 +40.02 +0.02 | 4+0.03 +0.02 +0.02 +0.02 +0.02 | +0.02 +0.01 +0.01 +0.02 +0.02
60 | +0.05 +0.04 +005 +0.06 +0.04 | +0.10 +0.05 +0.04 +0.03 +0.03 | +0.04 +0.02 +0.02 +0.02 +0.03
55 | +0.21 +0.14 +0.13 +0.13 +40.08 | +0.20 +0.09 +0.05 +0.03 +0.03 | +0.08 +0.04 +0.03 +0.03 +0.03
50 | +065 +0.39 +0.24 +0.20 +0.12 | +0.25 +0.11 +40.04 +0.02 +0.02 | +0.13 +0.06 +0.03 +0.02 +0.02
45 | +132 +40.73 +0.34 +0.18 +0.12 | +0.14 +0.13 +40.09 +0.07 +0.06 | +0.12 +0.15 +0.12 +40.09 +0.08
40 | +0.34 +0.29 +0.21 +0.14 +0.12 | +0.03 +0.06 +0.11 +0.12 +0.13 | +0.03 +0.07 +0.14 +0.18 +0.17
35 | +0.02 +0.04 +0.06 +0.08 +0.09 | +0.01 +0.03 +40.05 +0.08 +0.10 | +0.01 +0.03 +0.06 +0.11 +0.14
30 | +0.01 +0.02 +0.03 +0.04 +0.05| +0.01 +0.02 +40.03 +0.04 +0.06 | +0.01 +0.02 +40.03 +0.06 +0.08
25 | +0.01 +001 +0.01 +40.02 +0.02 | +0.01 +001 +0.01 +40.02 +0.03 | +0.01 +0.01 +0.02 +0.02 +0.04
20 | +0.00 +001 +0.01 +0.01 +001 | +0.00 +001 +0.01 +0.01 +0.01 | +0.00 +0.01 +0.01 +0.01 +0.02
SZA <= 90 deg. SZA = 95 deg. SZA >= 100 deg.
90 90 90
80 80 80 10
70 70 70 1
£ oo 60 60 08
5
=)
% 50 50 50 0.6
40 40 40 04
0.2
30 30 30
0 S
20 20 20
100 10° 100 10* 10° 100 10° 100 10" 10° 100 100 10 10* 10°

Fig. A23. Pno,/ Q for October NH.
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946 P. T. Verronen and R. Lehmann: lonic reactions affecting middle atmosphere

Table A24. P\,o./ Q for October NH.

o | 100 12 18 10* 10° | 100 10 108 100 10° | 100 12 100 100 10°

km SZA < 9r° SZA = 95° SZA > 100

90 | +0.00 -0.00 -0.00 -0.00 -0.00 | +0.00 4000 -000 -0.00 -0.00| -0.00 -0.00 -0.00 -0.00 -0.00
85 | -0.00 -000 -0.00 -0.00 -000| -000 -000 -000 -0.00 -0.00| -0.00 -0.00 -0.00 -0.00 -0.00
80 | -0.00 -000 -0.00 -0.00 -000| -0.00 -000 -000 -0.00 -0.00| —-0.00 -0.00 -0.00 -0.00 -0.00
75 | -0.00 -000 -000 -0.00 -0.00| -0.00 -0.00 -000 -000 -0.00| —-0.00 -0.00 -0.00 -0.00 -—0.00
70 | =000 -000 -000 -000 -0.00| -000 -0.00 -000 -000 -0.00| -0.00 -0.00 -0.00 -0.00 -0.00
65 | -0.00 -000 -000 -000 -0.00| -000 -0.00 -000 -000 -0.00| -0.00 -0.00 -0.00 -0.00 -0.00
60 | -0.00 -000 -000 -000 -0.00| -000 -0.00 -000 -000 -0.00| -0.00 -0.00 -0.00 -0.00 -0.00
55 | -0.00 -000 -0.00 -0.00 -000| -000 -000 -000 -0.00 -0.00| -0.00 -0.00 -000 -0.00 -0.00
50 | -0.00 -000 -0.00 -0.00 -000| -000 -000 -000 -0.00 -0.00| -0.00 -0.00 -000 -0.00 -0.00
45 | -001 -000 -0.00 -0.00 -000| -006 -003 -001 -0.00 -0.00| -0.07 -0.04 -001 -0.00 -0.00
40 | -011 -008 -0.03 -001 -000|-017 -013 -006 -0.02 -001| -019 -015 -008 -0.03 -0.01
3 | -017 -014 -0.08 -003 -001|-025 -021 -012 -0.05 -0.02| -0.26 -023 -0.15 -0.06 —0.02
3 | -021 -017 -010 -0.04 -002| -029 -022 -013 -0.06 -0.03| -031 -025 -015 -0.07 -0.04
25 | -017 -013 -006 -0.03 -0.02| -0.19 -0.14 -007 -003 -0.03| -021 -0.16 -0.08 -0.04 -0.03
20 | =013 -009 -005 -002 -0.02| -012 -0.09 -0.04 -002 -002| -013 -010 -005 -0.02 -0.02

SZA <= 90 deg. SZA =95 deg. SZA >= 100 deg.
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S -0.15
p=}
£ 50 50 50
<
-0.2
40 40 40
-0.25
30 [ 30 30
-0.3
20 20 20
100 10° 10° 10 10° 100 100 10*° 10* 10° 100 100 100 10* 10°

lonization rate (cm_ss_l)

Fig. A24. Pn,05/ Q for October NH.
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P. T. Verronen and R. Lehmann: lonic reactions affecting middle atmosphere 947
Table A25. Poy/ Q for October SH.

o | 100 12 1® 10* 10° | 100 1?2 108 100 10° | 100 12 100 100 10°
km SZA < 90° SZA = 95° SZA > 100

90 | +0.01 4000 4000 +0.00 +0.00 | 4+0.01 +0.00 +0.00 +0.00 +0.00 | +0.01 +0.01 +0.00 +40.00 +0.00
85 | +0.66 4047 4021 4006 +0.01 | 4+0.67 4047 +021 +0.06 +0.01| +0.62 +042 +0.17 4005 +40.01
80 | +0.89 +0.88 +0.84 +0.70 +0.35| +0.89 +0.88 +0.84 +0.70 +0.35| +0.89 +0.88 +0.86 +0.73 +0.34
75 | 4090 +0.89 +0.89 4086 +0.74 | +0.89 +0.90 4089 +0.86 +0.74| +0.90 4091 +090 +0.88 4077
70 | 4090 +0.90 +0.90 4089 +0.86 | +0.90 +0.90 4090 +0.90 +0.88 | +0.90 4090 +091 +0.93 40.90
65 | 4090 +0.90 +0.91 4091 +091 | +091 4091 4092 +093 4092 | +0.92 4092 +093 +0.98 40097
60 | 4091 +091 +40.92 4094 +096 | +090 +0.92 4095 +1.00 +1.03| +0.92 4093 +096 +1.04 +1.06
55 | 4093 +0.93 +0.94 4099 +1.04 | +092 4093 4097 +1.04 +1.12| +0.92 4093 +098 +1.07 +1.16
50 | +0.97 4096 4097 +1.03 +1.09 | +0.94 +0.95 +0.98 +1.07 +116| +0.92 +0.94 +0.99 +109 +1.16
45 | +120 4108 4103 +1.05 +1.12 | +1.02 +1.01 +1.01 +1.07 +114| +0.97 +0.96 +098 +105 +1.11
40 | +1.34 4124 4110 +1.07 +1.12 | +116 +1.13 +1.06 +1.05 +1.12 | +1.11 +1.09 +1.04 +1.02 +1.07
35 | +1.36 +133 4123 +1.09 +1.11 | 4129 +1.27 +1.19 +1.05 +110| +1.20 +1.18 +1.12 4104 +1.06
30 | +141 4139 4131 4116 +1.09 | +1.34 +1.34 +1.27 +1.12 +108| +1.19 +1.18 +1.13 4105 +1.02
25 | 4123 +1.20 +112 4101 +096 | +1.19 +1.18 4110 +1.01 4097 | +114 4114 +1.09 +1.01 40097
20 | 4101 +1.00 +0.95 4093 +091 | +1.01 +1.00 4095 +091 4091 | +1.08 4106 +1.01 +0.93 4092

SZA <= 90 deg. SZA =95 deg. SZA >=100 deg.
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Fig. A25. Pon/ Q for October SH.
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948 P. T. Verronen and R. Lehmann: lonic reactions affecting middle atmosphere

Table A26. PyNo,/ Q for October SH.

o | 100 12 18 10* 10° | 100 10 108 100 10° | 100 12 100 100 10°

km SZA < 90 SZA = 95° SZA > 1000

9 | -000 -000 -0.00 -000 -000| -000 -000 -000 -0.00 -0.00| -0.00 -0.00 -000 -0.00 -0.00
85 | -0.00 -000 -0.00 -0.00 -0.00 | +0.00 +000 -000 -0.00 -0.00/| +0.00 -0.00 -0.00 -0.00 —0.00
80 | +0.03 +001 +0.00 +0.00 +0.00 | +0.03 +0.01 +0.00 +0.00 +0.00 | +0.05 +0.02 +0.00 +0.00 +0.00
75 | 4+0.08 +006 +0.02 +40.00 +0.00 | +0.09 +0.06 +0.03 +001 +0.00| +0.09 +0.08 +0.05 +0.01 +0.00
70 | +010 +0.09 +007 +0.04 +0.01| +0.10 +0.09 +0.08 +005 +0.02 | +0.10 +0.09 +0.08 +0.06 +0.02
65 | +0.10 +0.10 +0.09 +0.08 +005| +0.10 +0.10 +0.09 +0.08 +0.06 | +0.10 +0.10 +0.09 +0.08 +0.06
60 | +0.10 +0.10 +0.10 +0.09 +008 | +0.10 +0.10 +010 +0.09 +008 | +0.10 +0.10 +0.10 +0.09 +0.08
55 | +0.10 +0.10 +0.10 +0.10 +0.10 | +0.10 +0.10 +0.10 +010 +0.10 | +010 +0.10 +0.10 +0.10 +0.09
50 | +0.10 +0.10 +0.10 +0.10 +0.10 | +0.10 +0.10 +010 +010 +0.10 | +010 +0.10 +0.10 +0.10 +0.10
45 | +0.10 +0.10 +0.10 +0.10 +010 | +0.10 +0.10 +010 +010 +0.10 | +010 +0.10 +0.10 +010 +0.10
40 | +0.10 +0.10 +0.10 +0.10 +010 | +0.10 +010 +010 +010 +0.10 | +010 +0.10 +0.10 +0.10 +0.10
35 | +0.10 +010 +0.10 +0.10 +0.10 | +0.10 +010 +010 +010 +0.10 | +010 +010 +0.10 +010 +0.10
30 | +0.10 +0.10 +0.10 +010 +0.10 | +0.10 +0.10 +010 +0.10 +0.10 | +010 +0.10 +0.10 +0.10 +0.10
25 | 4010 +0.10 +0.10 4010 +0.10| +0.10 +0.10 4010 +0.10 +0.10| +0.10 +0.10 +0.10 +0.10 +0.10
20 | 4010 +0.10 +0.10 4010 +0.10| +0.10 +0.10 4010 +0.10 +0.10| +0.10 +0.10 4010 +0.10 +0.10

SZA <= 90 deg. SZA =95 deg. SZA >=100 deg.
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Fig. A26. Pyno,/ Q for October SH.
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P. T. Verronen and R. Lehmann: lonic reactions affecting middle atmosphere 949
Table A27. Py/Q for October SH.

o | 10t 1 10® 10* 10° | 100 1?2 16* 100 10° | 100 12 100 10t 10°
km SZA < 90° SZA = 95° SZA > 100°

90 | +0.01 4000 4000 +0.00 +0.00 | 40.01 +0.00 +0.00 +0.00 +0.00 | +0.01 +0.01 +0.00 +0.00 +0.00
85 | +0.66 4047 4021 4006 +0.01 | 4+0.67 4047 +021 +0.06 +0.01| +0.62 +042 +0.17 4005 +40.01
80 | +0.92 +0.89 +0.84 +0.70 +0.35| +0.92 +0.89 +0.84 +0.70 +0.35| +0.93 +0.89 +0.85 +0.73 +0.33
75 | +0.98 +095 +091 +0.86 +0.73 | +0.98 +0.96 +0.92 +0.87 +0.73 | +0.98 +0.96 +0.92 +0.86 +0.74
70 | 4100 +0.99 +0.97 4093 +0.86 | +1.00 +0.99 4096 +093 4085 | +0.96 4096 +093 +0.88 4083
65 | 41.00 +1.00 +0.99 4096 +091 | +097 4098 4096 +091 4087 | +0.83 4089 +0.85 +0.80 +0.79
60 | 41.00 +1.00 +0.99 4096 +0.89 | +090 +0.93 4091 +082 40.78 | +0.62 4076 +0.76 +0.65 +0.67
55 | +0.99 4099 4098 +0.90 +0.76 | +0.76 +0.82 +0.83 +0.70 +0.60 | +0.44 +0.58 +0.65 +051 +0.46
50 | +0.98 4097 4095 +0.84 +0.64 | +0.61 +0.67 +0.73 +0.63 +0.47 | +041 +047 +056 +0.46 +0.32
45 | +0.82 4086 4086 +0.75 +055| 4+0.39 +051 +0.62 +0.58 +043| +0.29 +041 +051 4047 4033
40 | +0.31 4044 4063 4065 +049 | 4020 +0.30 +050 +056 +0.42 | +0.15 +0.25 +045 4052 +40.39
35 | +0.12 +0.19 +035 +056 +049 | +0.11 +0.17 +032 +0.53 +045| +0.09 +0.15 +0.30 +050 +0.44
30 | 4007 4011 4024 4046 +052 | 4+0.06 +0.10 +0.23 +044 +048 | +0.06 +0.11 +024 4045 +0.49
25 | 40.18 4028 4050 4073 +0.79 | 40.14 4022 +043 +0.66 +0.72 | +0.11 +0.18 +0.37 4062 +0.68
20 | 4064 +0.71 +0.85 4093 +096 | +056 +0.65 4081 +092 4094 | +0.38 4048 +0.69 +0.86 +40.90

SZA <= 90 deg. SZA =95 deg. SZA >=100 deg.

Altitude (km)

Fig. A27. P4/ Q for October SH.
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950 P. T. Verronen and R. Lehmann: lonic reactions affecting middle atmosphere

Table A28. Pynp,/ Q for October SH.

o | 100 12 1® 10* 10° | 100 1 10® 100 10° | 100 12 100 100 10°

km SZA < 9r° SZA = 95° SZA > 100

90 | -0.00 -000 -0.00 -0.00 -000| -000 -000 -000 -0.00 -0.00| —-0.00 -0.00 -0.00 -0.00 -0.00
85 | -0.00 -000 -0.00 -0.00 -000| -000 -000 -000 -0.00 -0.00| —-0.00 -0.00 -0.00 -0.00 -—0.00
80 | +0.00 +0.00 +0.00 +0.00 +0.00 | -0.00 -000 -000 -0.00 +0.00| +0.01 +0.01 4001 -0.00 -0.01
7% | -000 -000 -000 -000 -001| -000 -000 -000 -000 -0.01]| +001 +0.01 +0.01 4001 -001
70 | -0.00 -000 -000 -000 -0.01| +000 +0.00 4000 -0.00 -0.01| +0.04 +0.03 +0.04 +40.03 +0.01
65 | -0.00 -000 -001 -0.01 -001| +0.02 +001 +0.01 +002 +001]| +0.15 +0.09 +0.11 +0.10 +0.04
60 | -0.01 -001 -001 -0.01 +001| +0.10 +005 +0.04 +0.07 +005| +036 +021 +0.18 +020 +0.13
55 | -0.02 -002 -0.02 -001 +006 | +022 4015 +0.10 +0.14 +0.14 | +054 +0.39 +027 +030 +0.25
50 | -0.05 -003 -0.02 +003 +0.15| +035 +0.28 +0.19 +020 +0.25| +057 +0.49 +035 +0.35 +0.40
45 | -0.12 -004 +0.01 +0.10 +0.23 | +051 4040 +027 +025 +40.33 | +0.68 +0.55 +041 +0.38 +0.46
40 | 4031 +026 +0.19 +020 +031 | +062 4053 +038 +031 4038 | +0.80 +0.70 +051 4042 +0.50
35 | +050 +046 +038 +029 +032 | +0.60 4056 +047 +038 4041 | +0.83 +40.77 +064 4050 +40.52
30 | +0.50 +048 +041 4032 4031 | +0.60 +056 +048 +040 4040 | +0.83 +0.79 4067 +050 +0.47
25 | 4057 +050 +034 +0.20 +0.17 | +0.67 +060 +043 +0.27 +025| +0.81 +0.74 +0.56 +035 +0.31
20 | 4035 4027 4014 +0.06 +0.05| +047 +037 4020 +0.09 +0.07 | 4062 +052 4030 +0.15 +0.12

SZA <= 90 deg. SZA =95 deg. SZA >= 100 deg.
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Fig. A28. Pyno,/ Q for October SH.
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P. T. Verronen and R. Lehmann: lonic reactions affecting middle atmosphere 951
Table A29. Pyo/ Q for October SH.
o | 100 1?2 18 100 10° | 1200 1®¢ 100 10* 10° | 100 1? 10 100 @ 10°
km SZA < el SZA = 95° SZA > 100
90 | +0.00 +0.00 +0.00 +0.00 +0.00 | +0.00 +0.00 +0.00 -+0.00 -+0.00 | +0.00 +0.00 +0.00 +0.00 +0.00
85 | +0.00 +0.00 +0.00 +0.00 +0.00 | +0.00 +0.00 +0.00 -+0.00 -+0.00 | +0.00 +0.00 +0.00 +0.00 +0.00
80 | —-0.00 -000 -000 -000 -0.00| +0.00 +0.00 +0.00 -+0.00 -0.00| —001 -001 -001 -001 -0.00
75 | +0.00 +0.00 +0.00 +0.00 -001| +0.00 +0.00 +0.00 -0.02 -0.01| -0.02 -0.02 -0.02 -0.02 -0.02
70 | 40.00 +0.00 -001 -003 -006| —001 -001 -002 -005 -007 | -0.04 -002 -004 -004 -004
65 | —0.02 -002 -002 -008 -017| —-006 -003 -004 -011 -016| -0.07 -0.04 -005 -008 -0.08
60 | —0.10 -0.06 -008 -017 -031| -019 -009 -008 -014 -025| -0.07 -004 -004 -007 -011
55 | -0.34 -019 -014 -022 -039| -035 -019 -012 -016 -027 | -002 -002 -001 -0.03 -0.11
50 | -0.75 -039 -021 -023 -035| -038 -025 -015 -0.16 -024| -000 -0.00 -000 -0.00 -0.02
45 | —0.80 -048 -023 -018 -025| -026 -021 -013 -012 -018| -0.00 -0.00 -000 -0.00 -0.00
40 | —025 -021 -015 -011 -014| -011 -010 -008 -0.07 -009 | —0.00 -0.00 -000 -0.00 -0.00
35 | —-008 -008 -007 -006 -007| —-0.05 -0.04 -0.04 -0.04 -0.04| -000 -000 -000 -000 -0.00
30 | -004 -004 -003 -003 -003| -0.02 -0.02 -002 -001 -0.02| -000 -000 -000 -000 -0.00
25 | -0.03 -003 -002 -001 -001|-001 -001 -001 -001 -001| -000 -000 -000 -0.00 -0.00
20 | -0.01 -001 -001 -000 -000| -000 -0.00 -000 -0.00 -000| -0.00 -0.00 -0.00 -0.00 -0.00
SZA <= 90 deg. SZA = 95 deg. SZA >= 100 deg.
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Fig. A29. Pyo/ Q for October SH.

www.ann-geophys.net/31/909/2013/

lonization rate (cm_3s_1)

Ann. Geophys., 31, 9996, 2013



952 P. T. Verronen and R. Lehmann: lonic reactions affecting middle atmosphere

Table A30. Pno,/ Q for October SH.

o | 100 1?2 1® 10* 10° | 100 1?2 10® 100 10° | 100 12 100 100 10°

km SZA < 90° SZA = 95° SZA > 1000

90 | +0.00 +0.00 +0.00 +0.00 +0.00 | +0.00 +0.00 4000 +0.00 +0.00 | +0.00 +0.00 +0.00 +0.00 +0.00
85 | +0.00 +0.00 +0.00 +0.00 +0.00 | +0.00 +0.00 +0.00 +0.00 +0.00 | +0.00 +0.00 +0.00 +0.00 +0.00
80 | +0.00 +0.00 +0.00 +40.00 +0.00 | +0.00 +40.00 +0.00 +0.00 +0.00 | +0.00 +0.00 +0.00 +0.00 +0.00
75 | +0.00 +0.00 +0.00 +0.00 +0.01 | +0.00 +0.00 +0.00 +0.02 +0.01 | -0.00 -0.00 -0.00 +0.00 +0.01
70 | +0.00 +0.00 +0.00 +0.02 +0.06 | +0.00 +0.00 +0.01 +0.04 +0.06 | -0.02 -0.02 -002 -0.01 +0.01
65 | +0.01 +001 +0.01 +005 +0.15| +001 +0.00 +0.01 +007 +0.13| -010 -0.06 -007 -0.04 +0.01
60 | +0.03 +0.02 +0.02 +0.08 +0.22 | +001 +0.01 +001 +004 +0.17 | -033 -019 -015 -015 -0.04
55 | +0.04 +002 +0.02 +0.05 +0.19 | -0.02 -0.01 -001 4000 +0.11| -059 -039 -0.27 -0.28 -0.16
50 | -0.08 -004 -002 -001 +4005| -015 -010 -006 -0.05 -0.02| -0.72 -055 -037 -036 —0.39
45 | -055 -032 -016 -012 -010| -032 -026 -019 -016 -0.17| -0.74 -064 -047 -041 -0.49
40 | -052 -045 -032 -023 -023| -045 -041 -033 -028 -032| -066 -061 -050 -044 -0.50
35 | -039 -036 -032 -029 -031| -046 -043 -039 -036 -038| -0.62 -059 -053 -046 —-0.49
30 | -039 -037 -034 -029 -032| -048 -045 -040 -037 -038| -0.65 -062 —-055 -045 -0.46
25 | -047 -040 -028 -018 -0.18| -056 -050 -038 -025 -024| -065 -059 -046 -0.30 -0.30
20 | -025 -019 -010 -0.05 -0.04| -034 -026 -015 -008 -007| -045 -037 -021 -0.12 -0.10

SZA <= 90 deg. SZA = 95 deg. SZA >= 100 deg.
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Fig. A30. Pno,/ Q for October SH.
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P. T. Verronen and R. Lehmann: lonic reactions affecting middle atmosphere

Table A31. PNo,/ Q for October SH.

953

o | 10t 1 10® 10* 10° | 100 12 16° 100 10° | 100 12 100 10t 10°
km SZA < S0 SZA = 95° SZA > 100°
90 | +0.00 +0.00 +0.00 +0.00 +0.00 | +0.00 +0.00 +0.00 +0.00 +0.00 | +0.00 +0.00 +0.00 +0.00 +0.00
85 | +0.00 +0.00 +0.00 +0.00 +0.00 | +0.00 +0.00 +0.00 +0.00 +0.00 | +0.00 +0.00 +0.00 +0.00 +0.00
80 | +0.00 +0.00 +0.00 +0.00 +0.00 | +0.00 +0.00 +0.00 +0.00 +0.00 | +0.00 +0.00 +0.00 +0.01 +0.01
75 | +0.00 +000 +0.00 +40.00 +0.01 | +0.00 +0.00 +0.00 +40.00 +0.01 | +0.01 +0.01 +0.01 +0.01 +0.02
70 | +0.00 +000 +0.01 +40.01 +001 | +0.01 +001 +0.01 +40.01 +0.02 | +0.02 +0.01 +0.02 +0.02 +0.02
65 | +0.01 +001 +0.02 +40.04 +0.03 | +0.03 +0.02 +0.02 +0.02 +0.02 | +0.02 +0.01 +0.01 +0.02 +0.03
60 | +0.08 +005 +0.07 +0.10 +0.08 | +0.08 +0.03 +0.03 +0.03 +0.03 | +0.04 +0.02 +0.01 +0.02 +0.02
55 | +0.32 +0.19 +0.14 +0.18 +0.14 | +0.15 +0.05 +0.03 +0.02 +0.02 | +0.07 +0.02 +0.01 +0.01 +0.02
50 | +0.88 +046 +0.25 +0.21 +0.15| +0.18 +0.07 +0.02 +0.01 +0.01 | +0.15 +40.06 +0.02 +0.01 +0.01
45 | +147 4084 +0.38 +0.20 +0.12 | +0.09 +0.09 +005 +0.03 +0.02 | +0.10 +0.11 +0.06 +0.03 +0.03
40 | +052 +0.44 +030 +0.16 +40.08 | +0.02 +0.04 +0.07 +0.06 +0.05| +0.02 +0.05 +0.09 +0.08 +0.06
35 | +005 +0.06 +0.07 +0.10 +0.08 | +0.01 +0.01 +0.04 +0.08 +0.07 | +0.01 +0.02 +40.05 +0.10 +0.09
30 | +0.01 +0.01 +40.02 +0.04 +0.06 | +0.00 +0.01 +0.02 +0.04 +0.06 | +0.00 +0.01 +40.02 +0.05 +0.07
25 | +0.01 +001 +0.02 +40.03 +0.04 | +0.00 +001 +0.02 +40.03 +0.04 | +0.00 +0.01 +0.02 +0.03 +0.05
20 | +0.01 +001 +0.01 +40.01 +001 | +0.01 +001 +0.01 +0.01 +0.02 | +0.01 +0.01 +0.01 +0.01 +0.02
SZA <= 90 deg. SZA = 95 deg. SZA >= 100 deg.
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Fig. A31. Pyo,/ Q for October SH.
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Table A32. Py,0./Q for October SH.

o | 100 12 12 10* 10> | 100 10 108 100 10° | 100 12 100 100 10°

km SZA < 9 SZA = 95° SZA > 1000

9 | -000 -000 -0.00 -000 -000| -000 -000 -000 -0.00 -0.00| +0.00 -0.00 -0.00 -0.00 —0.00
85 | -0.00 -000 -0.00 -0.00 -000| -000 -000 -000 -0.00 -0.00| -0.00 -0.00 -0.00 -0.00 —0.00
80 | -0.00 -000 -0.00 -0.00 -000| -000 -000 -000 -0.00 -0.00| -0.00 -0.00 -0.00 -0.00 -0.00
75 | -0.00 -000 -000 -0.00 -0.00| -0.00 -0.00 -000 -000 -0.00| —-0.00 -0.00 -0.00 -0.00 -—0.00
70 | -0.00 -000 -000 -0.00 -0.00| -0.00 -0.00 -000 -000 -0.00| —0.00 -0.00 -0.00 -0.00 -—-0.00
65 | -0.00 -000 -000 -000 -0.00| -000 -0.00 -000 -000 -0.00| -0.00 -0.00 -0.00 -0.00 -0.00
60 | -0.00 -000 -000 -000 -0.00| -000 -0.00 -000 -000 -0.00| -0.00 -0.00 -0.00 -0.00 -0.00
55 | -0.00 -000 -0.00 -0.00 -000| -000 -000 -000 -0.00 -0.00| -0.00 -0.00 -000 -0.00 -0.00
50 | -0.00 -0.00 -0.00 -0.00 -000| -000 -000 -000 -0.00 -0.00| -0.00 -0.00 -000 -0.00 -0.00
45 | -0.00 -000 -0.00 -000 -000| -001 -001 -000 -0.00 -0.00| -0.02 -0.01 -000 -0.00 -0.00
40 | -003 -002 -001 -001 -001|-004 -003 -002 -0.01 -001| -0.08 -0.07 -005 -0.03 -0.03
35 | -004 -004 -003 -002 -001|-005 -005 -004 -0.03 -003| -011 -010 -008 -0.07 —0.06
30 | -0.04 -004 -003 -002 -001|-005 -005 -004 -0.03 -003| -0.09 -0.09 -007 -005 -0.04
25 | -0.04 -004 -003 -002 -0.01| -005 -0.05 -003 -002 -0.02| -0.08 -0.08 -0.06 -0.04 -0.03
20 | -0.05 -004 -002 -001 -0.01| -0.07 -0.06 -003 -001 -0.01| -009 -0.08 -0.05 -002 -0.02

SZA <= 90 deg. SZA = 95 deg. SZA >= 100 deg.
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Fig. A32. Pn,0./ Q for October SH.
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