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Abstract. In the polar regions, precipitation of solar high-
energy protons and electrons affects the neutral composition
of the middle atmosphere. Here we use the Sodankylä Ion
and Neutral Chemistry model to calculate ionic production
and loss rates of neutral HOx and NOy species, imposed by
particle precipitation, for a range of atmospheric conditions
and levels of ionization. We also analyse in detail the ionic
reaction sequences leading to the HOx and NOy changes. Our
results show that particle impact ionization and positive ion
chemistry cause net production of N, NO, HNO2, H, and OH
from N2 and H2O. On the other hand, negative ion chem-
istry redistributes the NOy species, without net production or
loss, so that NO, NO2, and N2O5 are converted to HNO3 and
NO3. Based on the model results, we provide tables of so-
calledP/Q numbers (i.e. production and loss rates of neu-
tral species divided by ionization rates) at altitudes between
20 and 90 km. These numbers can be easily used to parame-
terise the ion chemistry effects when modelling atmospheric
response to particle precipitation. Compared to earlier stud-
ies, our work is the first to consider in detail the NOy effect
of negative ion chemistry, and the diurnal and seasonal vari-
ability of theP/Q numbers.

Keywords. Atmospheric composition and structure (middle
atmosphere – composition and chemistry) – Ionosphere (Ion
chemistry and composition; Particle precipitation)

1 Introduction

Energetic particle precipitation affects not only the ion and
electron densities but also the neutral composition of the
middle atmosphere through particle impact ionization, dis-

sociation, and ion chemistry (seeSinnhuber et al., 2012, for
a recent review). Precipitating particles are mostly protons
and electrons, which are released from the Sun in, for exam-
ple, coronal mass ejections and arrive in the near-Earth space
with the solar wind. The Earth’s magnetic field guides these
particles, so that they can only access the atmosphere in the
polar regions, sometimes after being temporarily stored in-
side the magnetosphere (e.g. in the radiation belts). At meso-
spheric and upper stratospheric altitudes, precipitating pro-
tons and electrons are an important, although highly varying
forcing factor. During periods of strong particle forcing (e.g.
in the case of solar proton events (SPEs)), particle precipi-
tation can exceed the background ionization by extreme ul-
traviolet solar radiation and galactic cosmic rays by several
orders of magnitude.

Considering the neutral atmospheric changes caused by
particle precipitation, most of the early studies concentrated
on understanding the increases in odd hydrogen (HOx = H +
OH + HO2) and odd nitrogen (NOx = N + NO + NO2) be-
cause of their important role in catalytic, ozone-destroying
reaction cycles in the upper stratosphere and mesosphere
(Crutzen et al., 1975; Porter et al., 1976; Heaps, 1978;
Crutzen and Solomon, 1980; Solomon et al., 1981; Rusch
et al., 1981). SPEs and their influence on ozone have played
a large role in the research due to the profound impact of
SPEs and the availability of ozone observations from several
satellite-based instruments (Jackman and McPeters, 1985;
McPeters and Jackman, 1985; Reid et al., 1991; Jackman
et al., 2001; Sepp̈alä et al., 2004; López-Puertas et al., 2005a;
Verronen et al., 2006). In recent years, changes in other mi-
nor species have received substantial attention after a wealth
of satellite observations of the winter polar regions became
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Table 1. List of ion–ion recombination reactions in which nitrogen
is released from negative ions. X+ denotes any positive ion, Y+ any
positive ion except H+(H2O)n clusters. X and Y are corresponding
neutral species. n is the order of water clustering (i.e. a number be-
tween 1 and 8).

#1 NO−

2 + X+
→ NO2 + X

#2 NO−

2 (H2O) + X+
→ NO2 + H2O+ X

#3 NO−

3 + H+(H2O)n → HNO3 + nH2O
#4 NO−

3 + Y+
→ NO3 + Y

#5 NO−

3 (H2O) + X+
→ NO3 + H2O+ X

#6 NO−

3 (H2O)2 + X+
→ NO3 + 2H2O+ X

#7 NO−

3 (HNO3) + H+(H2O)n → 2HNO3 + nH2O
#8 NO−

3 (HNO3) + Y+
→ NO3 + HNO3 + Y

#9 NO−

3 (HNO3)2 + H+(H2O)n → 3HNO3 + nH2O
#10 NO−

3 (HNO3)2 + Y+
→ NO3 + 2HNO3 + Y

#11 NO−

3 (HCl) + X+
→ NO3 + HCl + X

available (López-Puertas et al., 2005b; von Clarmann et al.,
2005; Orsolini et al., 2009; Verronen et al., 2008; Funke
et al., 2008; Jackman et al., 2008; Winkler et al., 2009; Ver-
ronen et al., 2011; Winkler et al., 2011; Funke et al., 2011;
Damiani et al., 2012).

In middle atmosphere models, HOx and NOx production
by particle precipitation is typically included as a simple
parameterisation, in which the production rates are calcu-
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 HOx and NOx, respectively, depending upon, for ex-
ample, water vapour amount and ionization rate (e.g.Porter
et al., 1976; Solomon et al., 1981; Rusch et al., 1981). This
kind of parameterisation is very simple and useful, especially
in case of HOx, because numerous ion chemical reactions
take place between ionization and HOx production, such that
it would be computationally time-consuming to include ions
reaction-by-reaction in the models.

The current, widely used parameterisation of HOx produc-
tion is based on the work bySolomon et al.(1981). They
describe in detail the positive ion reaction paths leading to
production of OH and H from water vapour, and also give a
detailed description of the HNO2 production. However, al-
though the possibility of HNO3 production through ion–ion
recombination is discussed in their paper, it is then neglected
by assuming that photodissociation of HNO3 instantly occurs
and releases HOx. This approach was reasonable at that time
considering the relatively low level of negative ion knowl-
edge. Also, this simplification can be justified in the sum-
mer solstice conditions, when solar radiation is present all
day to dissociate HNO3. But at the winter pole solar radi-
ation is mostly absent. Without solar light, photodissocia-
tion of HNO3 does not occur and its chemical lifetime is

of the order of months.Verronen et al.(2006) have shown
that during an SPE, HNO3 is accumulated at nighttime and
then rapidly photodissociated at sunrise. This means that the
release of HOx occurs at the time when atomic oxygen is
available for the ozone-depleting catalytic reaction cycles. If
the same amount of HOx was produced at night, a large pro-
portion of it would not last until sunrise because of its short
chemical lifetime (∼ hours below 80 km). Therefore, assum-
ing instant HOx release from HNO3 can lead to underestima-
tion of ozone depletion. Satellite observations made during
SPEs have shown significant enhancements of HNO3 in the
stratopause–lower mesosphere region (Orsolini et al., 2009).
These so-called direct HNO3 enhancements can be reason-
ably explained by ion chemical production (Verronen et al.,
2008, 2011). However, atmospheric models using the param-
eterisation based onSolomon et al.(1981) significantly un-
derestimate the amount of HNO3 produced compared to ob-
servations (e.g.Jackman et al., 2008; Funke et al., 2011).

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 Sodankylä Ion and Neutral
Chemistry model and the current knowledge of ion chemical
reactions. An important part of the work is a detailed analysis
of all significant reactions paths involved. The final output of
work is theP/Q numbers (i.e. net production rates scaled
with ionization rates), which we provide for different iono-
spheric conditions.

2 Ion and neutral chemistry modelling

2.1 Sodankyl̈a Ion and Neutral Chemistry model

The Sodankyl̈a Ion and Neutral Chemistry model, also
known as SIC, is a 1-D tool for ionosphere–neutral atmo-
sphere interaction studies. SIC solves for concentrations of
65 ions, positive and negative, and 16 minor neutral species.
The altitude range of SIC is from 20 to 150 km, with 1 km
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-
cipitation, and galactic cosmic rays. Recent, detailed descrip-
tions of SIC are given byVerronen et al.(2005), Verronen
(2006), andTurunen et al.(2009).

Because of our attempt to improve the current parameteri-
sation of HOx production, it is worthwhile to briefly explain
the main differences in chemistry between SIC and the model
used bySolomon et al.(1981). For the positive ion scheme,
SIC uses more recent reaction rate coefficients and includes
a larger number of positive ions. However, the added ions do
not significantly change the reaction sequences of HOx pro-
duction. The important improvement is that, in contrast to
the Solomon model, SIC includes an extensive negative ion
scheme which is important, for example, in understanding
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the HNO3 production. The details of the ionic reactions in-
cluded in SIC can be found inVerronen(2006).

It should be noted that the SIC model has been compared
to satellite-based OH and HNO3 data in several studies of
SPEs (Verronen et al., 2006, 2007, 2008, 2011). The reason-
ably good agreement between the model results and observa-
tions found in those studies gives us a confident starting point
to this study, which is based solely on the SIC model results.

2.2 Ion chemistry scheme – major assumptions

Compared to the neutral chemistry, the ionic reactions have
more uncertainty in general. Concerning this study espe-
cially, there are few laboratory studies describing the prod-
ucts of ion–ion recombination reactions, which means that
some assumption has to be made. Table1 presents the ion–
ion recombination reactions, as they are in the SIC model,
that are most important to our analysis because they release
nitrogen from negative ions. Note that corresponding three-
body reactions (not listed) are also included in SIC. The re-
actions leading to HNO3 production (#3, #7, and #9) are
given byAikin (1997, and references therein). For the other
reactions, the most straightforward approach is adopted;
for example NO−2 and NO−

3 recombination produces NO2
and NO3, respectively. All the ion–ion recombination re-
actions have the same rate coefficient in the SIC model
(i.e. 6.0× 10−8

× (300/T )0.5 cm3s−1 and 1.25× 10−25
×

(300/T )4 cm6s−1 for two-body and three-body reactions, re-
spectively), because there seems to be little dependence upon
the species involved (Arijs et al., 1987).

We have excluded positive non-hydrate cluster ions
(NHCs, e.g. H+(CH3CN)) and negative sulfur-based ions
(SBIs, e.g. HSO−4 ) from the model and our analysis. Al-
though observations have indicated that these types of ions
exist in the stratosphere (e.g.Arijs, 1992), modelling NHCs
and SBIs would involve significant additional uncertainty
because the global atmospheric distribution of the neutral
species they are produced from, acetonitrile (CH3CN) and
sulfuric acid (H2SO4), is not well known. Also, in high-
ionization conditions, such as during SPEs, the precursors
of NHCs and SBIs (e.g. H+(H2O) and NO−

3 (HNO3)) will
more likely recombine rather than react to produce NHCs
and SBIs. Finally, the NHC and SBI reactions would lead
to the same net effect as those of their precursor ions (e.g.
production of HNO3 through ion–ion recombinationAikin
(1997)). Therefore, their exclusion should have a minor im-
pact on the analysis of neutral HOx and NOy changes pre-
sented in this paper.

2.3 Set-up of model runs

Table 2 summarises the model runs used in this study. By
selecting dates in January and October and then running the
model in both northern and southern latitudes, four different
seasons of the year were considered. Six modelling latitudes

were used in both hemispheres, from 55 to 75◦ with 5◦ spac-
ing. This set-up of model runs allows us to contrast the parti-
cle effects in different states of background atmosphere and
solar illumination.

In order to better represent the seasonal changes, in the
modelling we took advantage of Microwave Limb Sounder
(MLS/Aura) observations of temperature and water vapour.
Data from year 2005 were used; the January and October
observations were averaged separately for each latitude. The
numbers in Table2 demonstrate how H2O and temperature
vary with latitude and season of the year in the mesosphere.
The MLS temperature and H2O altitude profiles were kept
constant during model runs, so the possible changes in tem-
perature or H2O caused by SPE forcing were not taken into
account.

For each of the 24 combinations of month and loca-
tion, five 24 h model runs were executed, each with a dif-
ferent, fixed rate of SPE ionization ranging from 101 to
105 cm−3s−1. This range generously covers the ionization
rates typical for SPEs. Additional 24 h model runs with-
out any SPE forcing provided reference to aid in quantifi-
cation of the precipitation-induced changes. Although the
model runs were made for the full altitude range of SIC (20–
150 km), in the following we analyse altitudes between 20–
90 km only. These altitudes correspond to the ionospheric
D region, where water cluster ions and negative ions can be
formed in significant amounts.

2.4 Calculation ofP/Q numbers

The model results, from the simulations described in
Sect.2.3, were used to calculate theP/Q numbers for the
species of interest. AP/Q number indicates the net change
rate of a species, scaled with the ionization rateQ to provide
a dimensionless quantity. First, we calculated the production
and loss rates (P andL, respectively) due to ion chemistry at
each altitude, time, and latitude separately. Second, we cal-
culated theP/Q numbers as

P/Q =
(Pspe− Lspe) − (Pref − Lref)

Q
.

Here “spe” and “ref” denote the results from the SPE and
reference model runs, respectively. Third, we calculated the
averageP/Q numbers for each season of the year using data
from the 6 different latitudes. This was done for each alti-
tude separately, at solar zenith angles (SZAs) between 55
and 125◦ using 5-degree-wide bins. Finally, we checked that
there is a balance in production and loss between theP/Q

numbers of H and N containing species. The final result is
a P/Q table for each combination of species and season,
and each table giving values with respect to SZA, ioniza-
tion rate, and altitude. TheseP/Q tables are presented in
Appendix A but for daytime (SZA< 90◦), twilight (SZA=

95◦), and nighttime (SZA> 100◦) only instead of all SZAs,
because the variations ofP/Q during day and during night

www.ann-geophys.net/31/909/2013/ Ann. Geophys., 31, 909–956, 2013
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Table 2. List of model runs. Solar zenith angles (SZAs) give the range between noon and midnight. H2O andT values are averages of
MLS/Aura observations that were used as input to the model.

Month Latitude SZA H2O (70 km) H2O (80 km) T (80 km)
109 cm−3 109 cm−3 K

January 75◦ S 54–85◦ 23.59 5.18 166.5
January 70◦ S 49–90◦ 22.57 4.91 166.8
January 65◦ S 44–95◦ 21.48 4.59 167.8
January 60◦ S 39–100◦ 20.25 4.17 169.3
January 55◦ S 34–105◦ 19.07 3.74 172.6
January 50◦ S 29–110◦ 17.96 3.36 176.0

January 50◦ N 70–151◦ 7.42 0.70 209.7
January 55◦ N 75–146◦ 6.64 0.64 210.2
January 60◦ N 80–141◦ 5.93 0.61 210.1
January 65◦ N 85–136◦ 5.23 0.55 209.9
January 70◦ N 90–131◦ 4.67 0.52 209.8
January 75◦ N 95–126◦ 4.30 0.51 209.7

October 75◦ N 88–119◦ 6.10 0.57 208.7
October 70◦ N 83–124◦ 6.45 0.60 207.4
October 65◦ N 78–129◦ 6.89 0.66 206.4
October 60◦ N 73–134◦ 7.42 0.71 205.0
October 55◦ N 68–139◦ 8.02 0.77 204.3
October 50◦ N 63–144◦ 8.72 0.86 203.4

October 50◦ S 36–117◦ 10.79 0.82 197.1
October 55◦ S 41–112◦ 11.42 0.85 197.7
October 60◦ S 46–107◦ 12.22 0.95 197.4
October 65◦ S 51–102◦ 12.98 1.08 196.5
October 70◦ S 56–97◦ 13.57 1.23 195.4
October 75◦ S 61–92◦ 13.95 1.38 193.9

are small. A denser SZA grid could in principle be used dur-
ing the sunset/sunrise transition period. However, the finer
P/Q details during the twilight are of secondary importance
compared to the day–night differences. Note that to assure
that only the effect of protons is considered inP/Qs, the net
change in the reference run (Pref−Lref) was subtracted from
that of the SPE run before ionization rate scaling. However,
in most cases the reference net change is negligible compared
to the SPE-induced net change.

2.5 Reaction pathway analysis

TheP/Q numbers, calculated as described in Sect.2.4, rep-
resent the gross effect of the ionization processes. However,
they do not reveal the detailed reaction pathways leading
from the ionization to the production or destruction of a
species of interest. In order to determine such pathways, we
applied the algorithm developed byLehmann(2004).

This algorithm forms pathways step by step, starting from
the individual reactions in the system: for every chemical
species each pathway producing it is connected with each
pathway consuming it. If a newly formed pathway contains
sub-pathways (e.g. zero cycles), it is split into these sim-
pler pathways. Rates proportional to “branching probabili-

ties” are calculated. Pathways with a rate that is smaller than
a prescribed threshold are deleted, in order to avoid a too
large number of (minor) pathways (“numerical explosion”).

So far, the algorithm has been applied to the determination
of catalytic ozone destruction cycles and methane oxidation
pathways in the stratosphere (Lehmann, 2004), ozone pro-
duction and loss cycles in the stratosphere and mesosphere
(Grenfell et al., 2006), pathways of HNO3 production by ion
chemistry in the mesosphere (Verronen et al., 2011), and CO2
formation pathways in the atmosphere of Mars (Stock et al.,
2012a,b).

In this study, the SIC model results, which are produced
with a combination of the positive ion, negative ion, minor
neutral reactions, provided the input to the pathway analysis.
We then analysed the positive and negative ion schemes sep-
arately, which simplifies the analysis and is possible because
the only direct connection process between the two schemes
is ion–ion recombination. All the important pathways of pro-
duction and loss were identified for the species of interest.
In the following sections, theP/Q number discussions are
supported by examples of typical reaction sequences, based
on results of the pathway analysis.

Ann. Geophys., 31, 909–956, 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 NOy redistribution by negative ion chemistry affects the species inside the blue box. NO, HNO3, OH, and H2O 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 how theP/Q

numbers vary with respect to altitude, SZA, ionization rate,
and seasons of year. We also describe, again with exam-
ples, the ionic reaction sequences leading to changes in HOx
and NOy (i.e. N, NO, NO2, NO3, N2O5, HNO2, and HNO3)
species during SPEs.

Figure1 presents a schematic view of the ionic effects on
nitrogen and hydrogen species. Positive ion chemistry leads
to dissociation of N2 and H2O, which ends with production
of NOy and HOx, respectively. A portion of nitrogen and hy-
drogen species is combined through ion chemistry, resulting
in HNO2 and HNO3 production. The main effect of negative
ion chemistry is then a redistribution of NOy species without
net production or loss of NOy. In general, the net effect is
that NO, NO2, and N2O5 are converted to HNO3 and NO3.
As a side effect, negative chemistry consumes H2O in N2O5-
to-HNO3 conversion and releases OH in HNO3-to-NO3 con-
version.

In the following, Sects.3.1 and 3.2 consider the HOx,
HNO2, HNO3 production by positive ion chemistry, while
Sects.3.3 and 3.4 discuss the NOy production by positive
ion chemistry and NOy redistribution by negative ion chem-
istry. Note, however, that there is some overlap between the
sections because HNO2 and HNO3 production requires ion
chemistry related to both HOx and NOy changes.

3.1 OH and HNO2 production

Figures2a and2b present the OH and HNO2 P/Q num-
bers for the case of January, Northern Hemisphere, andQ =

100 cm−3s−1. OH and HNO2 are produced when H2O is dis-
sociated by positive ion chemistry. Formation of O+

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

N2 + p+(E) → N+

2 + e−
+ p+(E − 1E) (R1)

N+

2 + O2 → O+

2 + N2 (R2)

O+

2 + O2 + M → O+

4 + M (R3)

O+

4 + H2O → O+

2 (H2O) + O2 (R4)

O+

2 (H2O) + N2 + M → O+

2 (H2O)N2 + M (R5)

O+

2 (H2O)N2 + CO2 → O+

2 (H2O)CO2 + N2 (R6)

O+

2 (H2O)CO2 + H2O → O+

2 (H2O)2 + CO2 (R7)

O+

2 (H2O)2 + H2O → H3O+(OH)H2O+ O2 (R8)

H3O+(OH)H2O+ H2O → H+(H2O)3 + OH (R9)

H+(H2O)3 + H2O+ M → H+(H2O)4 + M (R10)

H+(H2O)4 + e−
→ H + 4H2O (R11)

− −− − −−

Net : H2O → OH+ H. (R12)

Here Reaction (R1) marks impact ionization of N2 by pre-
cipitating primary protons, which lose some of their energy
in the process. In this pathway, and in a number of sim-
ilar pathways, the route from O+2 always leads to O+4 and
subsequently to production of water cluster ions H+(H2O)n
and neutral OH through reactions like Reaction (R9) above.
When NO+ is created instead O+2 , HNO2 can be produced
instead of OH. An example of such reaction sequence is

www.ann-geophys.net/31/909/2013/ Ann. Geophys., 31, 909–956, 2013



914 P. T. Verronen and R. Lehmann: Ionic reactions affecting middle atmosphere

Fig. 2. P/Q numbers for January, Northern Hemisphere, andQ = 100 cm−3s−1. Note that the colour scales of the panels differ.

N2 + p+(E) → N+
+ N(4S) + e−

+ p+(E − 1E)

(R13)

N+
+ O2 → NO+

+ O (R14)

NO+
+ N2 + M → NO+(N2) + M (R15)

NO+(N2) + CO2 → NO+(CO2) + N2 (R16)

NO+(CO2) + H2O → NO+(H2O) + CO2 (R17)

NO+(H2O) + H2O+ M → NO+(H2O)2 + M (R18)

NO+(H2O)2 + H2O+ M → NO+(H2O)3 + M (R19)

NO+(H2O)3 + H2O → H+(H2O)3 + HNO2 (R20)

H+(H2O)3 + H2O+ M → H+(H2O)4 + M (R21)

H+(H2O)4 + e−
→ H + 4H2O (R22)

− −− − −−

Net : N2 + O2 + H2O → HNO2 + O+ N(4S) + H (R23)

There are again a number of similar pathways, but in all
of them NO+(H2O)3 is formed after which H+(H2O)n and
HNO2 are produced. Note that the OH and HNO2 P/Q num-
bers in Figs.2a and2b show relatively little dependence upon
the SZA because the reactions leading to their production
(e.g. sequencesR1–R9andR13–R20above) involve species
with weak diurnal variability (N2, O2, H2O, CO2).

Figures2a and2b show that OH production is much larger
than HNO2 production, which is due to most of the initial
ionization by protons being directed by ion chemistry to O+

2
rather than to NO+ (e.g. the rate of ReactionR1is larger than
that of ReactionR13). Considering the altitude behaviour of
the P/Q numbers, H2O 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. ReactionsR3

Ann. Geophys., 31, 909–956, 2013 www.ann-geophys.net/31/909/2013/
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Fig. 3. As Fig.2, butQ = 100000 cm−3s−1.

andR15), which means their rates are decreasing with alti-
tude. Thus the production of OH and HNO2 effectively has
an upper altitude limit. The OH production displays a maxi-
mum at about 35 km, which is due to negative ion chemistry
converting HNO3 to NO3 and releasing OH. We will discuss
this in more detail in Sect.3.4.

Comparison of Figs.2a–b with Figs.3a–b (January, North-
ern Hemisphere (NH),Q = 100000 cm−3s−1) and Figs.4a–
b (January, Southern Hemisphere (SH),Q = 100 cm−3s−1)
demonstrates how theP/Q numbers change with increasing
ionization and water vapour, respectively. When ionization
increases, the electron concentration increases, and the prob-
ability of recombination of all the intermediate positive ions

created in Reactions (R1)–(R8) and (R13)–(R19) increases.
For example, recombination of O+2 (H2O),

O+

2 (H2O) + e−
→ O2 + H2O, (R24)

becomes a stronger competitor for Reaction (R5). The in-
creased recombination probability lowers the upper altitude
limit of OH and HNO2 production. The effect is just the op-
posite, when H2O is increased. The upper altitude limits of
OH and HNO2 production are elevated when there is more
H2O available in the upper mesosphere for water cluster ion
formation.
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Fig. 4. As Fig.2, but Southern Hemisphere.

3.2 H and HNO3 production

While OH and HNO2 production results from the ionic
break-up of H2O, as shown in the previous section, recom-
bination of the water cluster ions carrying the hydrogen re-
maining from the H2O break-up leads subsequently to pro-
duction of H and HNO3. Figures2c and2d present the H
and HNO3 P/Q numbers for the case of January, Northern
Hemisphere, andQ = 100 cm−3s−1. Atomic hydrogen pro-
duction takes place when the water cluster ions H+(H2O)n,
created in reaction sequences such as Reactions (R1)–(R9)
and (R13)–(R20), recombine with electrons or negative ions
other than NO−3 (HNO3)n (e.g. ReactionR22). HNO3 is

produced when H+(H2O)n recombines with NO−3 (HNO3)n
clusters. For example,

H+(H2O)n + NO−

3 → HNO3 + nH2O (R25)

can replace Reactions (R11) and (R22) in the above reaction
sequences. The balance between H and HNO3 production is
therefore determined by the abundance of NO−

3 type ions,
and we will discuss their production in Sect.3.4.

As shown in Figs.2c and2d, significant HNO3 produc-
tion takes place below 40 km and 60 km during daytime and
nighttime, respectively, while atomic hydrogen production
dominates in general. The balance between H and HNO3 pro-
duction shows relatively little SZA dependence below 40 km
where ion–ion recombination prevails over electron–ion re-
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, NH,Q =

100 cm−3s−1.

30 km 60 km 80 km

N(2D) 0.64 0.64 0.64
N(4S) 0.47 0.47 0.53
HNO2 0.10 0.10 0.00
NO 0.01 0.01 0.05

Sum 1.22 1.22 1.22

variation at 40–60 km, which is due to the diurnal variation in
the electron–negative-ion balance. At daytime, there are sig-
nificant amounts of electrons available for the ion–electron
recombination, which leads to production of H (e.g. Reac-
tion R11). All electrons are rapidly converted to negative
ions, so the ion–ion recombination is dominant at night and
produces HNO3 through reactions like Reaction (R25).

When the ionization rate increases (Figs.3c and3d, Q =

100000 cm−3s−1), it increases H production and decreases
HNO3 production relative to the ionization rate. Also, the
altitude range of HNO3 production becomes more limited.
Higher ionization increases electron and positive ion concen-
trations, so the probability of electron–ion recombination in-
creases over electron attachments reactions such as

O2 + O2 + e−
→ O−

2 + O2, (R26)

which initialise the negative ion sequences leading to forma-
tion of NO−

3 (HNO3)n and HNO3 (negative ion chemistry is
discussed in Sect.3.4). Figures4c–d show theP/Q num-
bers for summer conditions. Compared to winter conditions
(Figs. 2c–d), the proportion of HNO3 production increases
below 30 km and decreases at 30–40 km. These differences
will be discussed in more detail in Sect.3.4 together with
NOy redistribution.

3.3 NOy production

As shown schematically in Fig.1, proton precipitation leads
to NOy production. A fraction of the NOy production, which
always involves N2 dissociation, is due to positive ion re-
action sequences, such as Reactions (R13)–(R20). In this
example, N2 is converted to N(4S) and HNO2. According
to the pathway analysis, in other reaction sequences also
N(2D) and NO (in very small amounts) can be produced.
The combinedP/Q production number for the four species
is 0.42, with no significant variability with respect to SZA.
Above 80 km there is increase with increasing altitude, but at
lower altitudes the total number does not change. However,
as shown in Fig.2b, HNO2 is produced only at altitudes be-
low ∼ 70 km. Note that this altitude limit varies with rate of
ionization and amount of water vapour (Figs.3b and4b).

Most of the NOy production is a result of N2 dissociation
by energetic secondary electrons, which are produced in im-

pact ionization by protons (e.g. ReactionsR1 andR13). For
example, in

N2 + es
−(E) → N(4S) + N(2D) + es

−
(E−1E) (R27)

the secondary electron e−
s collides with N2, loses some of

its energy, and produces atomic nitrogen. In the SIC model,
Reaction (R27) is parameterised; i.e. the atomic nitrogen pro-
duction rate from dissociation of N2 is taken to be 0.8× Q

(Rusch et al., 1981), and the N(4S)/N(2D) branching is fixed
to 0.4/0.6 (Zipf et al., 1980). Therefore, theP/Q numbers of
this process, calculated from the SIC results, are fixed.

Combining the dissociation by secondary electrons and the
ion reaction sequences from SIC, the sum ofP/Qs of N(4S),
N(2D), NO, and HNO2 is 1.22. Of this total, the tables in
Appendix A only account for the production of HNO2. As
an example, Table3 presents NOy net production numbers
for the case of January, NH,Q = 100 cm−3s−1. Compared
to the lower altitudes, the change at 80 km is that N(4S) and
NO are produced instead of HNO2 through

NO+
+ e−

→ N(4S) + O (R28)

and

NO+(H2O) + e−
→ NO+ H2O, (R29)

because the decreasing H2O concentration makes reaction
sequences like Reactions (R15)–(R19) less probable com-
pared to more direct ion–electron recombination (e.g. Reac-
tionsR28andR29), which is also enhanced by the increasing
electron concentration.

3.4 NOy redistribution

SPE ionization leads to redistribution of NOy species through
negative ion reaction sequences, as shown in Fig.1. Some
species are produced, like NO3, or lost, like N2O5, while
others, like HNO3, can be both produced and lost in dif-
ferent reaction chains. It should be noted that negative ion
chemistry does not change the total NOy amount. The net
NOy production during particle precipitation is by positive
ion chemistry (as described in Sect.3.3). HNO3 is a special
species here, because its production is a combination of ionic
HOx and NOy production. In Sect.3.2, we already discussed
the HNO3 production from the positive ion and hydrogen
point of view, and showed how it is produced when positive
H+(H2O)n water cluster ions recombine with NO−

3 (HNO3)n
type negative ions (e.g. ReactionR25). In this section, we
investigate the HNO3 production from the point of view of
negative ion and nitrogen chemistry, together with the ionic
redistribution of other NOy species.

The P/Q numbers of the NOy species are shown in
Figs. 2d–h for January, Northern Hemisphere, andQ =

100 cm−3s−1. Clearly, significant production of HNO3 and
NO3 takes place, balanced by loss of NO, NO2, and N2O5.
Most of the HNO3 production pathways involve loss of NO2,
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for example, in the sequence

O2 + O2 + e−
→ O−

2 + O2 (R30)

O−

2 + O3 → O−

3 + O2 (R31)

O−

3 + CO2 → CO−

3 + O2 (R32)

CO−

3 + NO2 → NO−

3 + CO2 (R33)

NO−

3 + H+(H2O)n → HNO3 + nH2O(R34)

− −− − − −

Net : e−
+ H+(H2O)n+ O3 + NO2 → HNO3 + O2 + nH2O

(R35)

and other similar sequences with the same net effect. When
Reactions (R30)–(R33) are followed by, for example,

NO−

3 + H2O+ M → NO−

3 (H2O) + M

(R36)

NO−

3 (H2O) + N2O5 → NO−

3 (HNO3)

+HNO3 (R37)

NO−

3 (HNO3) + H+(H2O)n → HNO3 + HNO3

+nH2O (R38)

− −− − − −

Net : e−
+ H+(H2O)n+ H2O+ O3

+ NO2 + N2O5 → 3HNO3 + O2

+nH2O (R39)

consuming N2O5, the net result (ReactionsR30–R33 fol-
lowed by ReactionsR36–R38) is production of multiple
HNO3 molecules (ReactionR39). This and other similar se-
quences have their largest impact around 30 km at night. Note
that the N2O5-to-HNO3 conversion by negative ion reaction
sequences consumes also water vapour, thus adding to H2O
losses (and eventually to HOx production) caused by posi-
tive ion chemistry. At daytime, also NO can be converted to
HNO3. As an example, Reactions (R30)–(R32) can be fol-
lowed by

CO−

3 + NO → NO−

2 + CO2 (R40)

NO−

2 + O3 → NO−

3 + O2 (R41)

NO−

3 + H+(H2O)n → HNO3 + nH2O

(R42)

− −− − −−

Net : e−
+ H+(H2O)n+ NO+ 2O3 → HNO3 + 2O2

+nH2O (R43)

completing the sequence (net ReactionR43 is for sequence
of ReactionsR30–R32 + R40–R42). Note, however, that
most of the daytime NO loss leads to production of NO3 in-

stead of HNO3, through pathways such as

2O2 + e−
→ O−

2 + O2 (R44)

O−

2 + O3 → O−

3 + O2 (R45)

O−

3 + CO2 → CO−

3 + O2 (R46)

CO−

3 + NO → NO−

2 + CO2 (R47)

NO−

2 + O3 → NO−

3 + O2 (R48)

NO−

3 +hν → NO3 + e− (R49)

− −− − −−

Net : NO+ 2O3 → 2O2 + NO3. (R50)

These, and other similar pathways leading to NO-to-NO3
conversion, are only important at daytime because (1) solar
UV radiation is required for Reaction (R49), and (2) below
about 60 km there is almost no NO available at night, because
the neutral chemistry converts it to NO2.

Net loss of HNO3 can also occur, for example, at daytime
around 45 km, because there are reaction sequences like

O2 + O2 + e−
→ O−

2 + O2 (R51)

O−

2 + O3 → O−

3 + O2 (R52)

O−

3 + CO2 → CO−

3 + O2 (R53)

CO−

3 + HNO3 → NO−

3 + CO2 + OH (R54)

NO−

3 +hν → NO3 + e− (R55)

− −− − −−

Net : HNO3 + O3 → O2 + OH+ NO3 (R56)

which convert HNO3 to other NOy species and release HOx.
This example pathway requires solar light for the photode-
tachment of electrons (ReactionR55), and thus only func-
tions at daytime. However, there are similar reaction se-
quences with the same net effect in operation at night; in
these the photodetachment reaction is replaced by ion–ion re-
combination. Although in Fig.2d net production of HNO3 is
seen at almost all altitudes and SZAs, the rates of the HNO3
loss pathways can be comparable to those of HNO3 produc-
tion, and it is important to take them into account when the
net effect is calculated. Also, a significant amount of odd hy-
drogen is released by these HNO3 loss sequences. This ex-
plains, for example, the maximum in OHP/Q numbers seen
in Fig. 2a around 35 km, where the negative ion chemistry
adds to the nearly constant 0.9P/Q by positive ion chem-
istry.

Figures3d–h show the NOy P/Q numbers for a case with
increased ionization (January, NH,Q = 100000 cm−3s−1).
NOy redistribution is clearly diminished relatively; all the
P/Q numbers are smaller than those shown in Figs.2d–h. As
discussed already in Sect.3.2, the increase in electron and ion
(both positive and negative) concentrations makes the recom-
bination processes more probable compared to other ionic re-
actions which involve neutral species. This means that longer
reaction sequences become less probable. Thus, the produc-
tion of more complex cluster ions such as H+(H2O)n and
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NO−

3 (HNO3)n, and subsequently the HNO3 production, is
relatively smaller. For example, the conversion of N2O5 to
HNO3 practically stops (Fig.3h). At 50–60 km (daytime),
a larger proportion of NO is converted to NO2 rather than
to NO3, because ozone decrease (by extreme ionization and
HOx production) limits the production of NO−3 through Re-
action (R48).

Figures4d–h present the NOy P/Q numbers for sum-
mer pole conditions (January, SH,Q = 100 cm−3s−1). Com-
pared to the winter pole (i.e. Figs.2d–h), the HNO3 P/Q

increases below 30 km and decreases at 30–40 km (as we
mentioned already in Sect.3.2). The decrease around 35 km
is caused by relatively small amounts of N2O5 being con-
verted to HNO3. At the summer pole, N2O5 concentrations
are smaller than those at the winter pole, because there are
less nighttime hours for its production and build-up from
NO2 and NO3 (at daytime its photodissociation is fast). At
lower altitudes, there is more NO2-to-HNO3 conversion in
the summer because of higher amounts of NO2 available.
At these altitudes, the main source of NOx production is
N2O+O(1D) → 2NO, which is enhanced in the summer due
to more solar radiation being available. The enhanced NO (or
NOx) amounts favour NO−3 type ions, which are needed for
ionic production of HNO3.

4 Comparison with Solomon et al. (1981)

Because the HOx production numbers fromSolomon et al.
(1981, Fig. 2) have been used in many modelling studies,
it is interesting to compare our results with them. It should
be noted that whileSolomon et al.(1981) analysed the HOx
production in quite detail (e.g. taking into account the depen-
dency on H2O and a few other atmospheric parameters), the
widely used parameterisation based on their Fig. 2 is much
simplified and considers variability with respect to altitude
and ionization rate only. We selected the SIC case of Jan-
uary NH, in which the H2O background was similar to that in
Solomon et al.(1981, Fig. 2), and compared their total HOx
P/Q numbers with ourP/Q sum of (1) OH and H, i.e. di-
rect HOx production by positive ion chemistry only, (2) OH,
H, HNO2, and HNO3 but excluding N2O5-to-HNO3 conver-
sion by negative ion chemistry, and (3) OH, H, HNO2, and
HNO3 including N2O5-to-HNO3 conversion. Of these, Case
#2 corresponds to the assumptions made bySolomon et al.
(1981), i.e. instant HOx release from HNO2 and HNO3, and
exclusion of negative ion chemistry.

Figures5a–c show the results for Cases 1–3, respectively.
Although not shown, theSolomon et al.(1981) P/Q num-
ber is 2 below 40 km. It is evident that theP/Q numbers of
Solomon et al.(1981) overestimate the direct HOx produc-
tion, especially at altitudes below 70 km where both HNO2
and HNO3 production takes place. With the lowest ionization
rates, the overestimation reaches 100 % at 35 km (Fig.5a).
For Case #2, corresponding to theSolomon et al.(1981)
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Fig. 5. Comparison ofP/Q numbers: SIC results (January NH and
SZA = 105◦) versusSolomon et al.(1981, Fig. 2). The Solomon
et al. data forQ = 103 cm−3s−1 are marked with X, and the cor-
responding horizontal lines indicate the variability with respect to
Q = 101–105 cm−3s−1. The same data are shown in all three pan-
els. SIC results:(a) OH and H production only;(b) OH, H, HNO2,
and HNO3 production, excluding N2O5-to-HNO3 conversion; and
(c) OH, H, HNO2, and HNO3 production, including N2O5-to-
HNO3 conversion. The dashed and solid lines indicate results for
Q = 101 and 105 cm−3s−1, respectively.

assumptions, the agreement is very good, although above
70 km our results show a somewhat larger variability with
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respect to the ionization rate (Fig.5b). And when N2O5-to-
HNO3 conversion is considered, it adds to the total below
50 km through HNO3 production, so that theSolomon et al.
(1981) values now underestimate theP/Q number by up to
25 % at 30–40 km (Fig.5c), although at very high ionization
rates this difference becomes small.

As we showed in Figs.2 and4, there are significant dif-
ferences between winter and summer conditions. For exam-
ple, the upper altitude limit of HOx production is elevated in
the summer. Thus, the comparison in Fig.5, for similar at-
mospheric conditions, shows the “best” match between ours
and theSolomon et al.(1981) P/Q numbers, while for other
seasons there are larger differences.

5 Discussion

In this section, we discuss briefly the uncertainties of the
meanP/Q numbers in order to provide a rough estimate
of their accuracy, provide some information on the ionic
changes in H2O and O3 for which P/Q tables are not pro-
vided, and discuss the ionic effects in comparison to stan-
dard neutral chemistry. Finally, we point out that our results
are also applicable to electron precipitation, and discuss the
improvements in the newP/Q numbers and possible future
work on chlorine species.

The meanP/Q numbers given in Appendix A have sta-
tistical uncertainty, which we estimate using their standard
deviations (STDs). This approach takes into account the
variability of P/Q numbers with respect to the changes in
the background atmosphere (neutral species, temperature),
while uncertainties in reaction rate coefficients are not in-
cluded. A part of the variability in the background atmo-
sphere comes from the latitudinal dependence, but for some
species the changes caused by the SPE forcing can be much
more important. For example, NOx species are produced dur-
ing SPE forcing, and at some altitudes their concentration
can increase by an order of magnitude during a 1-day high-
ionization model run. This causes variability in the ion com-
position (e.g. the balance between NO−

3 and CO−

3 ) and sub-
sequently in theP/Q numbers of the NOy species. We cal-
culated STD for all the meanP/Q numbers, and then took
an all-SZA all-altitude median for each species. The results
indicate that for OH and HNO2 the median STD is small
(≤ 3 %), although the H2O variability can have a stronger ef-
fect (up to tens of percent) at the upper altitude limit where
H2O becomes a limiting factor for HNO2 and OH produc-
tion. For NOy and atomic hydrogen, STDs are larger because
theP/Q numbers of these species are sensitive to the SPE-
driven changes. The median STD is 0.03–0.06 (6–24 %) de-
pending on species.

Comparison between Figs.2 and4 gives information on
the variability of theP/Q numbers between winter and sum-
mer, as we discussed it in Sect.3. Generally speaking, the
season affects the HOx production at the upper altitudes,

while NOy distribution is most affected at the lower alti-
tudes. In order to compare the seasonal effects to those re-
lated to latitudinal averaging (see previous paragraph), we
calculated the median difference between the values given in
Appendix A for the January NH and January SH cases (Ta-
bles A1–A16). Large seasonal differences in OH and HNO2
P/Q numbers, up to hundreds of percent, are found near the
upper altitude boundary of production at 70–85 km caused by
differences in H2O background. Also, OH is significantly af-
fected by changes in its release from HNO3 by negative ion
chemistry below 30 km, withP/Q variability up to 40 %.
However, the medianP/Q differences for OH and HNO2
are again small (< 5 %). In the case of H and NOy, the me-
dian difference between winter and summerP/Q numbers
is 0.04–0.16 (18–87 %) depending on species. The seasonal
difference is especially large for N2O5, because in the sum-
mer its concentration, and thus its conversion to HNO3, is
small compared to winter.

We do not provideP/Q tables for the consumption of
N2 and H2O, or consider changes in oxygen species such
as ozone. Clearly, N2 concentrations in the mesosphere are
much too high (e.g.∼ 1015 cm−3 at 70 km) to be affected by
SPEs. In the case of H2O loss,P/Q numbers can be easily
calculated as the sum of hydrogen production numbers (i.e.
OH, HNO2, H, and HNO3), divided by two. As follows from
Fig. 5c, this number is 1–1.4 up to≈ 50 km, and then grad-
ually decreases to zero between 50 and 90 km. Considering
that the H2O concentration at 70 km is about 109 cm−3, and
assumingP/Q = −1 and ionization rate = 103 cm−3s−1, the
daily loss of H2O would be about 8 %, which is not negli-
gible. However, the produced HOx is converted back to H2O
through relatively fast (HOx lifetime is∼ hours below 80 km)
self-destructive neutral reactions such as

OH+ HO2 → H2O+ O2, (R57)

so the net effect on H2O should be much smaller. Note that
at lower altitudes the relative effect on H2O becomes negli-
gible because of the increasing water vapour concentration.
A recent model study on water vapour changes during the
January 2005 SPE indicates a decrease in H2O at altitudes
75–90 km, but this effect has not been seen in satellite obser-
vations (Winkler et al., 2012).

Ozone is consumed in net reactions such as Reac-
tions (R35), (R39), (R43), (R50), and (R56). However, the
direct effect of ion chemistry on ozone is small compared to
catalytic cycles that are enhanced by HOx and NOx produc-
tion. As an interesting detail, the pathway analysis identifies
several catalytic cycles of negative ion chemistry which con-
vert ozone to O2. During night the dominant O3 loss cycles
(by ion chemistry) are of the following form:
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2O2 + e−
→ O−

2 + O2 (R58)

O−

2 + O2 + M → O−

4 + M (R59)

O−

4 + CO2 → CO−

4 + O2 (R60)

CO−

4 + O3 → O−

3 + O2 + CO2 (R61)

O−

3 + O3 → 3O2 + e− (R62)

− −− − −−

Net : 2O3 → 3O2. (R63)

However, the ozone loss rates due to these cycles are low,
and insignificant compared to those of the daytime HOx neu-
tral chemistry. On the other hand, when the neutral gas-
phase chemistry combines with the NOy redistribution by ion
chemistry, this affects also ozone. For example, the NO-to-
NO2 conversion seen in Fig.3e–f (daytime, 55 km) proceeds
without loss of ozone. The subsequent NO2 photolysis pro-
duces O3:

NO2 + hν → NO+ O (R64)

O+ O2 + M → O3 + M. (R65)

So, both processes together yield a net ozone production.
However, the corresponding rates are again too small to com-
pete with the standard ozone production and destruction cy-
cles.

The presentedP/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 NOy (or
NOx) and HOx has been known for a long time, and there
is observational evidence indicating substantial increase in
these neutral species during particle precipitation events (e.g.
Sepp̈alä et al., 2004; Verronen et al., 2006). Also, the mag-
nitude of the nighttime NOy redistribution by negative ion
chemistry is large enough to be detected by satellite-based
observations of, for example, HNO3 (López-Puertas et al.,
2005b; Verronen et al., 2011; Funke et al., 2011). However,
the daytime ionic NOy redistribution effect is counteracted
at the upper altitudes by solar radiation through photochem-
ical reactions, which drive rapid NOy changes. For example,
it has been shown that photodissociation of HNO3 is much
faster than its ionic production at altitudes near and above the
stratopause, even during strong SPEs (Verronen et al., 2008).
The situation is similar for NO3.

Particle precipitation can also affect chlorine species. For
example,Winkler et al.(2009) have studied the conversion
of HCl to active chlorine species by negative ion chemistry
in the stratopause region during SPEs. In the current paper
we do not analyse these effects. The SIC model does include
the relevant ion chemical reactions, but to date SIC has not
been used in studies of chlorine species, so the model predic-
tions have not been validated by, for example, satellite ob-
servations. In the future, if such a model-versus-observations

study is first conducted, it might be possible to extend the
current analysis to include also the chlorine species.

Although we are studying the effects of proton forcing in
this paper, the calculatedP/Q numbers can be applied for
electron precipitation too. In the SIC model, the total parti-
cle ionization is divided between N2, O2, and O according
to relative concentrations and impact cross sections of these
species. This partitioning is only slightly different for elec-
trons compared to protons; in both cases the proportion of
N2 and O2 ionization below 90 km is about 78 % and 22 %
of the total, respectively. Further, the partitioning between
processes of ionization and dissociative ionization and their
products (e.g. production of N+2 and N+ through N2 ioniza-
tion) is identical for protons and electrons. Therefore, the
sameP/Q numbers can be used for both proton and elec-
tron precipitation.

The comparisons presented in Figs.5a–c demonstrate
clearly how our results can significantly improve the mod-
elling of ion chemistry and its effects on neutral minor
species through a simple parameterisation. For example, un-
derstanding the HNO3 observations during SPEs is not pos-
sible without consideration of negative ion chemistry. The
diurnal and seasonal variability, which has not been consid-
ered before, is also an improvement. For example, the HOx
production upper limit and and NOy redistribution show sig-
nificant variability with season, which can potentially affect
the ozone chemistry.

6 Summary

We have presented an analysis of D region ion chemistry
and its effects on neutral HOx and NOy during SPEs. We
showed that while positive ion chemistry leads to production
of H, OH, HNO2, N, and NO from water vapour and N2, the
main effect of negative ion chemistry is to redistribute NOy
species, without a net change, by converting NO, NO2, and
N2O5 to HNO3 and NO3.

Based on the results from the Sodankylä Ion and Neu-
tral Chemistry model, we have calculated tables of so-called
P/Q numbers (i.e. production/loss rates divided by ioniza-
tion rate) for the relevant HOx and NOy species. These num-
bers are provided for different atmospheric conditions tak-
ing into account diurnal and seasonal variabilities. TheP/Q

numbers allow for an easy-to-use parameterisation of ion
chemistry for atmospheric modelling of particle precipita-
tion.

The newP/Q parameterisation presented in this paper im-
proves the currently used methods by considering the diurnal
and seasonal variability. However, the main improvement is
the consideration of negative ion chemistry effects, which
was previously neglected but is essential for the modelling
and understanding of NOy changes induced by particle pre-
cipitation.
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Appendix A

Tables ofP/Q numbers

Here we present theP/Q numbers as a function of altitude,
solar zenith angle, and ionization rate. The numbers were cal-
culated from SIC model results as described in Sect.2.4. 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, HNO2, HNO3,
NO, NO2, NO3, and N2O5). The figures below the tables
present the same data. Note that the numbers in these tables
do not include NOy net production, except for HNO2, but
only redistribution (see Section3.3for more details). The ta-
bles are available in electronic format from the correspond-
ing author.
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Table A1. POH/Q for January SH.

Q 101 102 103 104 105 101 102 103 104 105 101 102 103 104 105

km SZA ≤ 90◦ SZA = 95◦ SZA ≥ 100◦

90 +0.05 +0.02 +0.01 +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 +0.89 +0.88 +0.84 +0.67 +0.29 +0.89 +0.87 +0.82 +0.63 +0.24 +0.89 +0.87 +0.80 +0.57 +0.19
80 +0.90 +0.89 +0.88 +0.84 +0.70 +0.90 +0.90 +0.88 +0.84 +0.66 +0.90 +0.90 +0.89 +0.86 +0.65
75 +0.89 +0.90 +0.89 +0.88 +0.83 +0.90 +0.90 +0.89 +0.88 +0.84 +0.90 +0.90 +0.91 +0.90 +0.84
70 +0.90 +0.90 +0.90 +0.90 +0.89 +0.90 +0.90 +0.91 +0.90 +0.89 +0.90 +0.91 +0.91 +0.93 +0.92
65 +0.90 +0.90 +0.90 +0.90 +0.90 +0.90 +0.90 +0.91 +0.94 +0.93 +0.91 +0.91 +0.92 +0.97 +1.00
60 +0.91 +0.90 +0.92 +0.93 +0.96 +0.91 +0.92 +0.94 +1.00 +1.04 +0.92 +0.92 +0.95 +1.05 +1.09
55 +0.93 +0.92 +0.93 +0.98 +1.05 +0.92 +0.93 +0.96 +1.05 +1.13 +0.92 +0.94 +0.98 +1.07 +1.16
50 +0.99 +0.95 +0.95 +1.01 +1.09 +0.94 +0.95 +0.98 +1.07 +1.17 +0.91 +0.93 +1.00 +1.09 +1.16
45 +1.25 +1.11 +1.02 +1.05 +1.12 +1.03 +1.00 +1.00 +1.07 +1.15 +0.95 +0.97 +1.00 +1.07 +1.13
40 +1.35 +1.28 +1.12 +1.07 +1.13 +1.20 +1.14 +1.07 +1.07 +1.14 +1.14 +1.11 +1.04 +1.06 +1.10
35 +1.41 +1.36 +1.26 +1.10 +1.12 +1.35 +1.31 +1.22 +1.08 +1.11 +1.29 +1.25 +1.19 +1.07 +1.09
30 +1.47 +1.46 +1.37 +1.20 +1.13 +1.39 +1.36 +1.31 +1.15 +1.09 +1.29 +1.27 +1.21 +1.09 +1.07
25 +1.48 +1.46 +1.39 +1.22 +1.11 +1.39 +1.36 +1.29 +1.13 +1.04 +1.24 +1.24 +1.17 +1.06 +1.00
20 +1.43 +1.40 +1.29 +1.12 +1.02 +1.32 +1.30 +1.19 +1.05 +0.97 +1.18 +1.16 +1.07 +0.98 +0.93
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Fig. A1. POH/Q for January SH.

www.ann-geophys.net/31/909/2013/ Ann. Geophys., 31, 909–956, 2013



924 P. T. Verronen and R. Lehmann: Ionic reactions affecting middle atmosphere

Table A2. PHNO2/Q for January SH.

Q 101 102 103 104 105 101 102 103 104 105 101 102 103 104 105

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 +0.07 +0.04 +0.01 +0.00 +0.00 +0.06 +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 +0.02 +0.00 +0.09 +0.07 +0.04 +0.01 +0.00 +0.09 +0.08 +0.05 +0.01 +0.00
75 +0.10 +0.09 +0.07 +0.04 +0.01 +0.10 +0.09 +0.07 +0.04 +0.01 +0.10 +0.09 +0.08 +0.05 +0.01
70 +0.10 +0.09 +0.08 +0.06 +0.03 +0.10 +0.10 +0.09 +0.07 +0.04 +0.10 +0.10 +0.09 +0.07 +0.04
65 +0.10 +0.10 +0.09 +0.09 +0.07 +0.10 +0.10 +0.10 +0.09 +0.07 +0.10 +0.10 +0.10 +0.09 +0.07
60 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.09 +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 +0.10 +0.10 +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 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10
45 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10
40 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10
35 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10
30 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10
25 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +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 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10
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Fig. A2. PHNO2/Q for January SH.
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Table A3. PH/Q for January SH.

Q 101 102 103 104 105 101 102 103 104 105 101 102 103 104 105

km SZA ≤ 90◦ SZA = 95◦ SZA ≥ 100◦

90 +0.05 +0.02 +0.01 +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 +0.96 +0.92 +0.85 +0.67 +0.29 +0.95 +0.90 +0.83 +0.63 +0.24 +0.93 +0.89 +0.80 +0.57 +0.19
80 +0.99 +0.97 +0.93 +0.86 +0.69 +0.99 +0.97 +0.92 +0.85 +0.65 +0.99 +0.97 +0.93 +0.85 +0.62
75 +0.99 +0.99 +0.96 +0.92 +0.83 +1.00 +0.99 +0.96 +0.92 +0.82 +1.00 +0.98 +0.96 +0.90 +0.81
70 +1.00 +0.99 +0.98 +0.96 +0.89 +1.00 +1.00 +0.98 +0.95 +0.88 +0.97 +0.97 +0.94 +0.90 +0.84
65 +1.00 +1.00 +0.99 +0.97 +0.91 +0.98 +0.99 +0.96 +0.91 +0.87 +0.83 +0.89 +0.84 +0.78 +0.78
60 +1.00 +1.00 +0.99 +0.95 +0.85 +0.91 +0.94 +0.92 +0.80 +0.74 +0.60 +0.75 +0.75 +0.61 +0.62
55 +0.99 +0.99 +0.98 +0.90 +0.71 +0.78 +0.83 +0.84 +0.70 +0.56 +0.44 +0.58 +0.65 +0.49 +0.42
50 +0.97 +0.97 +0.95 +0.84 +0.60 +0.61 +0.67 +0.73 +0.62 +0.44 +0.42 +0.48 +0.56 +0.46 +0.30
45 +0.77 +0.83 +0.85 +0.73 +0.50 +0.37 +0.50 +0.61 +0.56 +0.40 +0.30 +0.41 +0.50 +0.45 +0.29
40 +0.28 +0.39 +0.59 +0.61 +0.43 +0.19 +0.29 +0.48 +0.53 +0.38 +0.16 +0.26 +0.44 +0.48 +0.34
35 +0.11 +0.17 +0.32 +0.53 +0.45 +0.11 +0.16 +0.31 +0.51 +0.42 +0.10 +0.15 +0.29 +0.48 +0.39
30 +0.06 +0.10 +0.21 +0.42 +0.47 +0.06 +0.10 +0.21 +0.42 +0.46 +0.06 +0.09 +0.21 +0.41 +0.44
25 +0.08 +0.12 +0.25 +0.47 +0.57 +0.08 +0.13 +0.27 +0.50 +0.59 +0.08 +0.13 +0.29 +0.53 +0.61
20 +0.17 +0.23 +0.41 +0.64 +0.75 +0.21 +0.28 +0.48 +0.70 +0.79 +0.27 +0.36 +0.58 +0.79 +0.85
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Fig. A3. PH/Q for January SH.
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Table A4. PHNO3/Q for January SH.

Q 101 102 103 104 105 101 102 103 104 105 101 102 103 104 105

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 −0.01 +0.00 +0.00 +0.00 +0.00 −0.01 +0.00 +0.01 +0.01 −0.00 −0.01
75 −0.00 −0.00 −0.00 −0.00 −0.01 −0.00 −0.00 −0.00 −0.00 −0.01 +0.00 +0.01 +0.01 +0.01 −0.00
70 −0.00 −0.00 −0.00 −0.00 −0.01 +0.00 +0.00 +0.00 −0.00 −0.01 +0.03 +0.02 +0.04 +0.04 +0.02
65 −0.00 −0.00 −0.00 −0.00 −0.00 +0.02 +0.01 +0.01 +0.02 +0.01 +0.16 +0.10 +0.12 +0.12 +0.05
60 −0.01 −0.00 −0.01 +0.00 +0.03 +0.08 +0.04 +0.04 +0.08 +0.07 +0.38 +0.23 +0.20 +0.23 +0.15
55 −0.02 −0.01 −0.01 +0.02 +0.10 +0.20 +0.14 +0.10 +0.15 +0.17 +0.54 +0.38 +0.27 +0.32 +0.29
50 −0.06 −0.02 −0.00 +0.05 +0.19 +0.35 +0.28 +0.19 +0.21 +0.27 +0.57 +0.49 +0.34 +0.35 +0.42
45 −0.12 −0.04 +0.03 +0.12 +0.28 +0.50 +0.40 +0.29 +0.27 +0.35 +0.65 +0.52 +0.40 +0.38 +0.48
40 +0.27 +0.23 +0.19 +0.22 +0.34 +0.55 +0.49 +0.37 +0.32 +0.40 +0.66 +0.59 +0.46 +0.40 +0.50
35 +0.42 +0.39 +0.34 +0.29 +0.35 +0.52 +0.49 +0.43 +0.37 +0.41 +0.67 +0.64 +0.56 +0.49 +0.54
30 +0.41 +0.38 +0.34 +0.30 +0.32 +0.53 +0.50 +0.44 +0.37 +0.39 +0.71 +0.68 +0.60 +0.50 +0.49
25 +0.36 +0.34 +0.28 +0.23 +0.24 +0.49 +0.47 +0.38 +0.29 +0.29 +0.70 +0.65 +0.54 +0.37 +0.35
20 +0.34 +0.31 +0.22 +0.16 +0.15 +0.43 +0.38 +0.27 +0.17 +0.16 +0.59 +0.50 +0.33 +0.17 +0.16
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Fig. A4. PHNO3/Q for January SH.
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Table A5. PNO/Q for January SH.

Q 101 102 103 104 105 101 102 103 104 105 101 102 103 104 105

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 −0.01 −0.01 −0.01 −0.01 −0.00
75 +0.00 +0.00 +0.00 −0.01 −0.02 +0.00 +0.00 +0.00 −0.02 −0.02 −0.01 −0.01 −0.02 −0.02 −0.02
70 −0.01 −0.01 −0.01 −0.04 −0.09 −0.01 −0.01 −0.02 −0.06 −0.09 −0.04 −0.02 −0.04 −0.05 −0.05
65 −0.03 −0.02 −0.04 −0.13 −0.25 −0.06 −0.04 −0.05 −0.13 −0.21 −0.07 −0.04 −0.06 −0.09 −0.09
60 −0.13 −0.08 −0.08 −0.21 −0.42 −0.20 −0.10 −0.09 −0.16 −0.30 −0.06 −0.04 −0.03 −0.07 −0.12
55 −0.37 −0.20 −0.14 −0.25 −0.46 −0.35 −0.18 −0.12 −0.17 −0.31 −0.01 −0.01 −0.01 −0.02 −0.11
50 −0.72 −0.38 −0.21 −0.24 −0.38 −0.36 −0.23 −0.14 −0.15 −0.25 −0.00 −0.00 −0.00 −0.00 −0.02
45 −0.68 −0.41 −0.22 −0.17 −0.26 −0.23 −0.18 −0.12 −0.11 −0.18 +0.00 −0.00 −0.00 −0.00 −0.00
40 −0.19 −0.17 −0.12 −0.10 −0.13 −0.10 −0.09 −0.08 −0.07 −0.08 −0.00 −0.00 −0.00 −0.00 −0.00
35 −0.06 −0.06 −0.06 −0.05 −0.06 −0.04 −0.04 −0.04 −0.04 −0.04 −0.00 −0.00 −0.00 −0.00 −0.00
30 −0.03 −0.03 −0.03 −0.03 −0.03 −0.02 −0.02 −0.02 −0.02 −0.02 −0.00 −0.00 −0.00 −0.00 −0.00
25 −0.02 −0.02 −0.02 −0.01 −0.02 −0.01 −0.01 −0.01 −0.01 −0.01 −0.00 −0.00 −0.00 −0.00 −0.00
20 −0.01 −0.01 −0.01 −0.01 −0.01 −0.01 −0.01 −0.00 −0.00 −0.00 −0.00 −0.00 −0.00 −0.00 −0.00
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Fig. A5. PNO/Q for January SH.
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Table A6. PNO2/Q for January SH.

Q 101 102 103 104 105 101 102 103 104 105 101 102 103 104 105

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 +0.01 +0.02 +0.00 +0.00 +0.00 +0.01 +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 +0.00 +0.01 +0.05 +0.08 −0.02 −0.02 −0.02 −0.01 +0.01
65 +0.01 +0.01 +0.02 +0.08 +0.20 +0.01 +0.01 +0.01 +0.07 +0.17 −0.11 −0.07 −0.07 −0.05 +0.01
60 +0.04 +0.02 +0.03 +0.09 +0.28 +0.01 +0.01 +0.01 +0.04 +0.19 −0.35 −0.20 −0.18 −0.17 −0.05
55 +0.03 +0.02 +0.02 +0.04 +0.20 −0.03 −0.02 −0.01 −0.00 +0.12 −0.60 −0.39 −0.27 −0.31 −0.19
50 −0.14 −0.07 −0.04 −0.03 +0.03 −0.18 −0.12 −0.07 −0.07 −0.03 −0.71 −0.54 −0.36 −0.36 −0.41
45 −0.65 −0.40 −0.20 −0.16 −0.13 −0.35 −0.30 −0.21 −0.18 −0.18 −0.74 −0.62 −0.44 −0.40 −0.49
40 −0.53 −0.46 −0.35 −0.27 −0.28 −0.42 −0.41 −0.32 −0.27 −0.33 −0.62 −0.57 −0.48 −0.40 −0.49
35 −0.36 −0.36 −0.32 −0.31 −0.33 −0.41 −0.40 −0.36 −0.34 −0.39 −0.52 −0.51 −0.45 −0.42 −0.48
30 −0.34 −0.32 −0.31 −0.29 −0.32 −0.43 −0.43 −0.38 −0.35 −0.38 −0.55 −0.55 −0.50 −0.44 −0.45
25 −0.32 −0.30 −0.25 −0.22 −0.23 −0.42 −0.40 −0.34 −0.28 −0.29 −0.58 −0.54 −0.45 −0.34 −0.33
20 −0.29 −0.26 −0.20 −0.14 −0.14 −0.36 −0.32 −0.24 −0.16 −0.16 −0.45 −0.39 −0.26 −0.15 −0.14
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Table A7. PNO3/Q for January SH.

Q 101 102 103 104 105 101 102 103 104 105 101 102 103 104 105

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 +0.01 +0.00 +0.00 +0.00 +0.00 +0.01 +0.01 +0.00 +0.00 +0.01 +0.01
75 +0.00 +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 +0.01 +0.01 +0.01 +0.01 +0.02 +0.01 +0.01 +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 +0.06 +0.12 +0.11 +0.11 +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 +0.47 +0.25 +0.22 +0.16 +0.19 +0.07 +0.02 +0.01 +0.01 +0.14 +0.05 +0.02 +0.01 +0.01
45 +1.45 +0.85 +0.39 +0.21 +0.11 +0.08 +0.08 +0.04 +0.02 +0.01 +0.09 +0.10 +0.04 +0.02 +0.01
40 +0.45 +0.40 +0.28 +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 +0.02 +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 +0.01 +0.01 +0.01 +0.02 +0.00 +0.01 +0.01 +0.02 +0.02
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Table A8. PN2O5/Q for January SH.

Q 101 102 103 104 105 101 102 103 104 105 101 102 103 104 105

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 −0.00 −0.00 −0.00 −0.00 −0.00 −0.00 −0.00 −0.00 −0.00 −0.00 −0.00 −0.00
70 −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
65 −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
60 −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
55 −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
50 −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
45 −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
40 −0.00 −0.00 −0.00 −0.00 −0.00 −0.02 −0.01 −0.01 −0.01 −0.01 −0.03 −0.03 −0.02 −0.02 −0.02
35 −0.02 −0.01 −0.01 −0.01 −0.01 −0.04 −0.03 −0.03 −0.03 −0.02 −0.08 −0.07 −0.07 −0.07 −0.06
30 −0.02 −0.02 −0.01 −0.01 −0.01 −0.04 −0.03 −0.03 −0.02 −0.02 −0.08 −0.07 −0.06 −0.05 −0.05
25 −0.01 −0.01 −0.01 −0.01 −0.01 −0.03 −0.03 −0.02 −0.01 −0.01 −0.06 −0.06 −0.05 −0.03 −0.03
20 −0.02 −0.02 −0.01 −0.01 −0.01 −0.03 −0.03 −0.02 −0.01 −0.01 −0.07 −0.06 −0.04 −0.02 −0.02
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Table A9. POH/Q for January NH.

Q 101 102 103 104 105 101 102 103 104 105 101 102 103 104 105

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 +0.20 +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 +0.85 +0.74 +0.47 +0.15 +0.87 +0.84 +0.73 +0.44 +0.12 +0.87 +0.86 +0.76 +0.48 +0.11
75 +0.89 +0.88 +0.87 +0.78 +0.51 +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 +0.91 +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 +0.92 +0.91 +0.92 +0.91 +0.94 +0.95 +0.97 +0.99 +0.96 +0.93 +0.95 +0.98 +1.00 +0.99
55 +0.93 +0.95 +0.95 +0.97 +0.95 +0.95 +0.99 +1.02 +1.07 +1.05 +0.94 +0.98 +1.02 +1.07 +1.09
50 +0.96 +0.97 +1.00 +1.02 +1.02 +0.95 +1.00 +1.05 +1.10 +1.16 +0.92 +0.98 +1.04 +1.10 +1.17
45 +1.07 +1.04 +1.03 +1.03 +1.05 +1.02 +1.02 +1.03 +1.07 +1.13 +0.94 +0.98 +1.04 +1.09 +1.13
40 +1.29 +1.20 +1.10 +1.03 +1.03 +1.18 +1.14 +1.10 +1.07 +1.05 +1.08 +1.07 +1.06 +1.04 +1.05
35 +1.31 +1.23 +1.16 +1.05 +1.02 +1.30 +1.24 +1.14 +1.05 +1.01 +1.17 +1.15 +1.09 +1.01 +0.99
30 +1.15 +1.12 +1.04 +0.97 +0.96 +1.03 +0.99 +0.96 +0.92 +0.93 +0.98 +0.96 +0.92 +0.93 +0.92
25 +1.08 +1.04 +0.98 +0.93 +0.92 +0.96 +0.94 +0.93 +0.91 +0.92 +0.95 +0.95 +0.92 +0.92 +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 +0.91 +0.90 +0.91
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Table A10.PHNO2/Q for January NH.

Q 101 102 103 104 105 101 102 103 104 105 101 102 103 104 105

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 +0.01 +0.00 −0.00 −0.00 −0.00
75 +0.05 +0.02 +0.00 +0.00 +0.00 +0.04 +0.01 +0.00 +0.00 +0.00 +0.06 +0.03 +0.00 +0.00 +0.00
70 +0.09 +0.07 +0.03 +0.01 +0.00 +0.09 +0.06 +0.03 +0.01 +0.00 +0.09 +0.08 +0.05 +0.01 +0.00
65 +0.10 +0.09 +0.08 +0.06 +0.03 +0.10 +0.09 +0.08 +0.05 +0.02 +0.10 +0.09 +0.08 +0.06 +0.02
60 +0.10 +0.10 +0.10 +0.09 +0.07 +0.10 +0.10 +0.09 +0.08 +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 +0.10 +0.10 +0.09 +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 +0.10 +0.10 +0.10 +0.09 +0.10 +0.10 +0.10 +0.10 +0.09
45 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10
40 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10
35 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10
30 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10
25 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +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 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10
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Table A11.PH/Q for January NH.

Q 101 102 103 104 105 101 102 103 104 105 101 102 103 104 105

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 +0.20 +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 +0.85 +0.74 +0.47 +0.15 +0.87 +0.84 +0.73 +0.44 +0.12 +0.87 +0.84 +0.76 +0.48 +0.11
75 +0.94 +0.90 +0.87 +0.78 +0.51 +0.93 +0.90 +0.86 +0.75 +0.45 +0.92 +0.90 +0.87 +0.78 +0.47
70 +0.99 +0.96 +0.92 +0.88 +0.78 +0.98 +0.96 +0.91 +0.87 +0.74 +0.93 +0.94 +0.90 +0.85 +0.76
65 +1.00 +0.99 +0.98 +0.95 +0.88 +0.98 +0.97 +0.95 +0.90 +0.84 +0.84 +0.89 +0.88 +0.84 +0.81
60 +1.00 +1.00 +0.99 +0.97 +0.93 +0.92 +0.94 +0.92 +0.87 +0.85 +0.64 +0.77 +0.78 +0.75 +0.76
55 +1.00 +0.99 +0.99 +0.94 +0.91 +0.80 +0.84 +0.84 +0.78 +0.77 +0.46 +0.59 +0.67 +0.61 +0.63
50 +0.99 +0.98 +0.96 +0.89 +0.80 +0.66 +0.70 +0.73 +0.68 +0.62 +0.39 +0.45 +0.55 +0.51 +0.44
45 +0.93 +0.92 +0.90 +0.83 +0.72 +0.50 +0.58 +0.65 +0.64 +0.55 +0.34 +0.41 +0.50 +0.48 +0.37
40 +0.45 +0.58 +0.72 +0.76 +0.70 +0.27 +0.39 +0.56 +0.65 +0.60 +0.19 +0.30 +0.46 +0.54 +0.46
35 +0.14 +0.24 +0.44 +0.65 +0.70 +0.16 +0.27 +0.47 +0.63 +0.65 +0.12 +0.21 +0.39 +0.54 +0.54
30 +0.20 +0.35 +0.61 +0.80 +0.84 +0.39 +0.56 +0.75 +0.86 +0.87 +0.32 +0.47 +0.68 +0.80 +0.82
25 +0.46 +0.61 +0.80 +0.91 +0.93 +0.75 +0.82 +0.91 +0.95 +0.96 +0.68 +0.76 +0.88 +0.93 +0.94
20 +0.74 +0.82 +0.91 +0.96 +0.97 +0.90 +0.93 +0.96 +0.98 +0.98 +0.87 +0.90 +0.95 +0.98 +0.98
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Table A12.PHNO3/Q for January NH.

Q 101 102 103 104 105 101 102 103 104 105 101 102 103 104 105

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 +0.01 +0.00 −0.00 +0.00 +0.00
75 +0.00 +0.00 +0.00 +0.00 +0.00 −0.01 −0.00 −0.00 −0.00 +0.00 +0.02 +0.01 +0.00 −0.00 −0.01
70 −0.00 −0.00 +0.00 −0.00 −0.01 −0.00 −0.00 −0.01 −0.01 −0.01 +0.05 +0.03 +0.03 +0.01 −0.00
65 −0.00 −0.00 −0.01 −0.01 −0.01 +0.00 −0.00 −0.01 −0.01 −0.01 +0.14 +0.07 +0.06 +0.04 +0.01
60 −0.01 −0.02 −0.02 −0.02 −0.01 +0.04 +0.01 +0.00 +0.00 −0.00 +0.33 +0.18 +0.13 +0.11 +0.05
55 −0.03 −0.04 −0.04 −0.03 +0.01 +0.15 +0.07 +0.04 +0.04 +0.04 +0.50 +0.33 +0.21 +0.21 +0.14
50 −0.05 −0.05 −0.06 −0.01 +0.06 +0.29 +0.20 +0.12 +0.12 +0.11 +0.59 +0.47 +0.31 +0.29 +0.28
45 −0.10 −0.06 −0.03 +0.04 +0.13 +0.46 +0.34 +0.22 +0.19 +0.22 +0.70 +0.55 +0.38 +0.33 +0.40
40 +0.32 +0.24 +0.14 +0.13 +0.17 +0.99 +0.77 +0.44 +0.26 +0.27 +1.19 +0.97 +0.60 +0.40 +0.41
35 +0.81 +0.73 +0.50 +0.28 +0.20 +1.14 +0.97 +0.65 +0.38 +0.30 +1.31 +1.14 +0.82 +0.53 +0.43
30 +1.07 +0.85 +0.49 +0.23 +0.14 +1.14 +0.81 +0.43 +0.24 +0.16 +1.32 +0.99 +0.58 +0.33 +0.24
25 +0.74 +0.53 +0.26 +0.12 +0.09 +0.43 +0.30 +0.14 +0.08 +0.06 +0.57 +0.39 +0.20 +0.11 +0.10
20 +0.40 +0.29 +0.14 +0.06 +0.05 +0.17 +0.13 +0.06 +0.03 +0.02 +0.23 +0.16 +0.08 +0.04 +0.03
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P. T. Verronen and R. Lehmann: Ionic reactions affecting middle atmosphere 935

Table A13.PNO/Q for January NH.

Q 101 102 103 104 105 101 102 103 104 105 101 102 103 104 105

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 −0.01 −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 −0.01 +0.00
70 +0.00 +0.00 −0.00 −0.01 −0.01 −0.01 −0.01 +0.00 −0.01 −0.02 −0.04 −0.02 −0.03 −0.03 −0.03
65 −0.01 −0.01 −0.01 −0.03 −0.06 −0.04 −0.02 −0.02 −0.04 −0.06 −0.07 −0.04 −0.04 −0.04 −0.05
60 −0.06 −0.03 −0.04 −0.07 −0.14 −0.13 −0.06 −0.05 −0.07 −0.12 −0.10 −0.05 −0.04 −0.06 −0.07
55 −0.23 −0.13 −0.10 −0.13 −0.22 −0.31 −0.15 −0.09 −0.09 −0.16 −0.07 −0.04 −0.03 −0.04 −0.08
50 −0.60 −0.34 −0.19 −0.19 −0.25 −0.42 −0.25 −0.13 −0.12 −0.15 −0.02 −0.01 −0.01 −0.01 −0.05
45 −0.97 −0.55 −0.26 −0.19 −0.22 −0.32 −0.24 −0.16 −0.13 −0.15 −0.00 −0.00 −0.00 −0.00 −0.01
40 −0.45 −0.35 −0.20 −0.15 −0.16 −0.17 −0.14 −0.10 −0.09 −0.10 −0.00 −0.00 −0.00 −0.00 −0.00
35 −0.13 −0.11 −0.09 −0.07 −0.07 −0.06 −0.05 −0.04 −0.03 −0.04 −0.00 −0.00 −0.00 −0.00 −0.00
30 −0.07 −0.06 −0.04 −0.02 −0.02 −0.03 −0.02 −0.01 −0.01 −0.01 −0.00 −0.00 −0.00 −0.00 −0.00
25 −0.03 −0.02 −0.01 −0.01 −0.01 −0.01 −0.00 −0.00 −0.00 −0.00 −0.00 −0.00 −0.00 −0.00 −0.00
20 −0.01 −0.01 −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
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Table A14.PNO2/Q for January NH.

Q 101 102 103 104 105 101 102 103 104 105 101 102 103 104 105

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 +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 +0.00 +0.00 +0.00 +0.01 +0.01 +0.00 +0.00 +0.01 +0.01 +0.02 −0.02 −0.02 −0.01 +0.00 +0.01
65 +0.00 +0.00 +0.01 +0.02 +0.05 +0.01 +0.00 +0.01 +0.03 +0.05 −0.10 −0.05 −0.04 −0.02 +0.01
60 +0.02 +0.01 +0.01 +0.05 +0.12 +0.01 +0.01 +0.01 +0.04 +0.09 −0.27 −0.15 −0.11 −0.07 −0.01
55 +0.05 +0.03 +0.02 +0.05 +0.14 +0.01 +0.01 +0.00 +0.02 +0.09 −0.50 −0.32 −0.20 −0.19 −0.09
50 +0.02 +0.01 +0.01 +0.02 +0.09 −0.07 −0.04 −0.03 −0.02 +0.02 −0.68 −0.51 −0.32 −0.29 −0.25
45 −0.21 −0.12 −0.06 −0.04 −0.02 −0.21 −0.16 −0.10 −0.08 −0.09 −0.74 −0.61 −0.41 −0.36 −0.41
40 −0.43 −0.32 −0.19 −0.12 −0.12 −0.30 −0.28 −0.21 −0.16 −0.22 −0.66 −0.58 −0.46 −0.41 −0.48
35 −0.35 −0.36 −0.27 −0.21 −0.20 −0.39 −0.36 −0.29 −0.25 −0.29 −0.62 −0.56 −0.46 −0.43 −0.49
30 −0.49 −0.39 −0.24 −0.15 −0.13 −0.46 −0.34 −0.20 −0.14 −0.14 −0.61 −0.48 −0.32 −0.21 −0.23
25 −0.34 −0.24 −0.12 −0.07 −0.06 −0.18 −0.14 −0.07 −0.05 −0.04 −0.27 −0.20 −0.11 −0.06 −0.08
20 −0.17 −0.12 −0.06 −0.03 −0.04 −0.07 −0.05 −0.02 −0.01 −0.01 −0.11 −0.06 −0.04 −0.02 −0.02
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Table A15.PNO3/Q for January NH.

Q 101 102 103 104 105 101 102 103 104 105 101 102 103 104 105

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 +0.01 +0.00 +0.00 +0.00
75 +0.00 +0.00 +0.00 +0.00 +0.00 +0.01 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.01 +0.01 +0.00
70 +0.00 +0.00 +0.00 +0.00 +0.01 +0.01 +0.01 +0.00 +0.01 +0.01 +0.01 +0.01 +0.01 +0.02 +0.02
65 +0.01 +0.01 +0.01 +0.02 +0.02 +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 +0.05 +0.04 +0.03 +0.08 +0.04 +0.04 +0.03 +0.03 +0.04 +0.02 +0.02 +0.02 +0.03
55 +0.21 +0.14 +0.12 +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 +0.24 +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 +1.28 +0.73 +0.35 +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 +0.72 +0.55 +0.31 +0.16 +0.11 +0.02 +0.05 +0.07 +0.07 +0.07 +0.03 +0.05 +0.08 +0.09 +0.09
35 +0.03 +0.04 +0.06 +0.08 +0.09 +0.01 +0.02 +0.04 +0.06 +0.09 +0.01 +0.02 +0.04 +0.08 +0.12
30 +0.01 +0.02 +0.03 +0.04 +0.05 +0.01 +0.01 +0.02 +0.03 +0.05 +0.01 +0.01 +0.02 +0.04 +0.07
25 +0.01 +0.01 +0.01 +0.02 +0.02 +0.00 +0.00 +0.01 +0.01 +0.02 +0.00 +0.01 +0.01 +0.01 +0.02
20 +0.00 +0.00 +0.00 +0.01 +0.01 +0.00 +0.00 +0.00 +0.00 +0.01 +0.00 +0.00 +0.00 +0.00 +0.01
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Table A16.PN2O5/Q for January NH.

Q 101 102 103 104 105 101 102 103 104 105 101 102 103 104 105

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 −0.00 −0.00 −0.00 −0.00 −0.00 −0.00 −0.00 −0.00 −0.00 −0.00 −0.00 −0.00
70 −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
65 −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
60 −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
55 −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
50 −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
45 −0.00 −0.00 −0.00 −0.00 −0.00 −0.04 −0.02 −0.00 −0.00 −0.00 −0.04 −0.02 −0.01 −0.00 −0.00
40 −0.08 −0.06 −0.03 −0.01 −0.00 −0.27 −0.20 −0.10 −0.04 −0.01 −0.28 −0.22 −0.11 −0.04 −0.01
35 −0.18 −0.15 −0.10 −0.04 −0.01 −0.35 −0.29 −0.18 −0.08 −0.03 −0.35 −0.30 −0.20 −0.09 −0.03
30 −0.26 −0.21 −0.12 −0.05 −0.02 −0.33 −0.23 −0.12 −0.06 −0.03 −0.36 −0.26 −0.14 −0.08 −0.04
25 −0.19 −0.14 −0.07 −0.03 −0.02 −0.12 −0.08 −0.04 −0.02 −0.02 −0.15 −0.10 −0.05 −0.03 −0.02
20 −0.11 −0.08 −0.04 −0.02 −0.01 −0.05 −0.04 −0.02 −0.01 −0.01 −0.06 −0.05 −0.02 −0.01 −0.01
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Table A17.POH/Q for October NH.

Q 101 102 103 104 105 101 102 103 104 105 101 102 103 104 105

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 +0.24 +0.16 +0.07 +0.02 +0.00 +0.21 +0.14 +0.06 +0.02 +0.00 +0.27 +0.19 +0.08 +0.02 +0.00
80 +0.88 +0.86 +0.76 +0.50 +0.17 +0.88 +0.85 +0.76 +0.51 +0.16 +0.89 +0.87 +0.79 +0.57 +0.16
75 +0.89 +0.89 +0.88 +0.80 +0.56 +0.89 +0.89 +0.87 +0.80 +0.54 +0.90 +0.90 +0.90 +0.84 +0.59
70 +0.90 +0.90 +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 +0.90 +0.91 +0.90 +0.88 +0.91 +0.91 +0.93 +0.93 +0.90 +0.92 +0.90 +0.92 +0.95 +0.91
60 +0.91 +0.92 +0.92 +0.94 +0.92 +0.93 +0.94 +0.96 +0.98 +0.96 +0.93 +0.95 +0.98 +1.01 +1.01
55 +0.93 +0.95 +0.96 +0.97 +0.97 +0.93 +0.97 +1.00 +1.04 +1.06 +0.93 +0.96 +1.01 +1.06 +1.09
50 +0.96 +0.97 +1.01 +1.03 +1.03 +0.95 +0.98 +1.03 +1.08 +1.14 +0.92 +0.95 +1.02 +1.09 +1.15
45 +1.12 +1.04 +1.02 +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 +1.21 +1.14 +1.05 +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 +1.22 +1.17 +1.09 +1.01 +1.02 +1.12 +1.11 +1.05 +0.99 +0.99 +1.03 +1.03 +1.01 +0.97 +0.97
30 +1.15 +1.11 +1.04 +0.96 +0.97 +1.07 +1.03 +1.00 +0.95 +0.93 +1.02 +0.99 +0.96 +0.93 +0.93
25 +1.08 +1.05 +0.96 +0.93 +0.92 +1.02 +1.00 +0.95 +0.92 +0.92 +1.00 +0.99 +0.95 +0.91 +0.90
20 +1.03 +1.00 +0.96 +0.92 +0.91 +1.01 +0.99 +0.94 +0.92 +0.91 +1.01 +1.00 +0.95 +0.91 +0.90
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Table A18.PHNO2/Q for October NH.

Q 101 102 103 104 105 101 102 103 104 105 101 102 103 104 105

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 +0.01 +0.00 +0.00 −0.00 −0.00 +0.01 +0.00 +0.00 −0.00 −0.00
75 +0.06 +0.02 +0.00 +0.00 +0.00 +0.06 +0.02 +0.00 +0.00 +0.00 +0.07 +0.04 +0.01 +0.00 +0.00
70 +0.09 +0.07 +0.04 +0.01 +0.00 +0.09 +0.07 +0.04 +0.01 +0.00 +0.10 +0.09 +0.06 +0.02 +0.00
65 +0.10 +0.09 +0.08 +0.05 +0.02 +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 +0.07 +0.10 +0.10 +0.10 +0.09 +0.07 +0.10 +0.10 +0.09 +0.09 +0.07
55 +0.10 +0.10 +0.10 +0.10 +0.09 +0.10 +0.10 +0.10 +0.10 +0.09 +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 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.09
45 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10
40 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10
35 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10
30 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10
25 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +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 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10
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Table A19.PH/Q for October NH.

Q 101 102 103 104 105 101 102 103 104 105 101 102 103 104 105

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 +0.24 +0.16 +0.07 +0.02 +0.00 +0.21 +0.14 +0.06 +0.02 +0.00 +0.27 +0.19 +0.08 +0.02 +0.00
80 +0.88 +0.86 +0.76 +0.50 +0.17 +0.89 +0.85 +0.76 +0.51 +0.16 +0.89 +0.86 +0.79 +0.57 +0.16
75 +0.95 +0.91 +0.88 +0.80 +0.56 +0.95 +0.91 +0.87 +0.80 +0.54 +0.95 +0.93 +0.88 +0.82 +0.58
70 +0.99 +0.97 +0.93 +0.88 +0.79 +0.99 +0.97 +0.93 +0.87 +0.78 +0.94 +0.94 +0.90 +0.86 +0.78
65 +1.00 +0.99 +0.98 +0.94 +0.87 +0.98 +0.98 +0.96 +0.92 +0.85 +0.83 +0.89 +0.87 +0.84 +0.82
60 +1.00 +1.00 +0.99 +0.96 +0.92 +0.92 +0.95 +0.92 +0.88 +0.85 +0.64 +0.77 +0.78 +0.74 +0.76
55 +1.00 +0.99 +0.98 +0.94 +0.89 +0.81 +0.85 +0.85 +0.77 +0.76 +0.47 +0.60 +0.68 +0.61 +0.63
50 +0.99 +0.98 +0.95 +0.88 +0.78 +0.66 +0.71 +0.74 +0.68 +0.59 +0.40 +0.47 +0.56 +0.51 +0.43
45 +0.88 +0.90 +0.89 +0.82 +0.74 +0.45 +0.58 +0.70 +0.70 +0.62 +0.29 +0.43 +0.56 +0.56 +0.45
40 +0.32 +0.47 +0.68 +0.77 +0.75 +0.22 +0.36 +0.60 +0.73 +0.70 +0.14 +0.26 +0.48 +0.63 +0.57
35 +0.14 +0.26 +0.49 +0.69 +0.71 +0.14 +0.26 +0.48 +0.68 +0.69 +0.09 +0.18 +0.38 +0.58 +0.59
30 +0.19 +0.33 +0.58 +0.77 +0.80 +0.22 +0.37 +0.61 +0.78 +0.81 +0.16 +0.29 +0.53 +0.72 +0.75
25 +0.42 +0.56 +0.78 +0.90 +0.92 +0.48 +0.61 +0.80 +0.90 +0.91 +0.41 +0.55 +0.76 +0.88 +0.89
20 +0.65 +0.73 +0.87 +0.94 +0.96 +0.68 +0.76 +0.88 +0.94 +0.95 +0.66 +0.74 +0.87 +0.94 +0.95
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Table A20.PHNO3/Q for October NH.

Q 101 102 103 104 105 101 102 103 104 105 101 102 103 104 105

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 +0.01 +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 −0.00 +0.00 −0.00 −0.01 +0.00 −0.00 −0.01 −0.01 −0.01 +0.05 +0.03 +0.03 +0.02 −0.00
65 −0.00 −0.00 −0.01 −0.01 −0.01 +0.01 −0.00 −0.01 −0.01 −0.01 +0.15 +0.09 +0.08 +0.05 +0.02
60 −0.01 −0.02 −0.03 −0.03 −0.01 +0.05 +0.01 +0.00 +0.01 +0.00 +0.33 +0.18 +0.13 +0.12 +0.06
55 −0.03 −0.04 −0.04 −0.03 +0.01 +0.16 +0.08 +0.05 +0.07 +0.05 +0.50 +0.34 +0.21 +0.21 +0.15
50 −0.05 −0.05 −0.06 −0.01 +0.07 +0.29 +0.21 +0.13 +0.14 +0.15 +0.58 +0.48 +0.32 +0.30 +0.31
45 −0.08 −0.04 −0.01 +0.06 +0.13 +0.55 +0.37 +0.20 +0.16 +0.20 +0.79 +0.58 +0.37 +0.32 +0.37
40 +0.59 +0.45 +0.23 +0.14 +0.15 +0.92 +0.71 +0.38 +0.21 +0.20 +1.13 +0.94 +0.58 +0.34 +0.35
35 +0.88 +0.75 +0.48 +0.26 +0.19 +1.14 +0.95 +0.61 +0.33 +0.26 +1.30 +1.15 +0.81 +0.47 +0.38
30 +0.98 +0.80 +0.48 +0.25 +0.17 +1.19 +0.94 +0.55 +0.29 +0.22 +1.34 +1.12 +0.71 +0.39 +0.30
25 +0.74 +0.55 +0.28 +0.13 +0.10 +0.78 +0.57 +0.29 +0.14 +0.13 +0.91 +0.68 +0.35 +0.19 +0.17
20 +0.48 +0.35 +0.17 +0.08 +0.07 +0.45 +0.33 +0.16 +0.08 +0.08 +0.49 +0.36 +0.18 +0.09 +0.09
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P. T. Verronen and R. Lehmann: Ionic reactions affecting middle atmosphere 943

Table A21.PNO/Q for October NH.

Q 101 102 103 104 105 101 102 103 104 105 101 102 103 104 105

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 −0.01 +0.00 −0.00 −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 −0.01 +0.00 −0.00 −0.01 −0.01 −0.02 −0.01 −0.02 −0.01 −0.01
70 +0.00 +0.00 −0.00 −0.01 −0.02 −0.01 −0.01 +0.00 −0.02 −0.02 −0.03 −0.02 −0.03 −0.03 −0.03
65 −0.01 −0.01 −0.01 −0.04 −0.08 −0.05 −0.02 −0.02 −0.06 −0.08 −0.07 −0.04 −0.04 −0.05 −0.05
60 −0.06 −0.03 −0.04 −0.09 −0.18 −0.16 −0.07 −0.05 −0.09 −0.14 −0.10 −0.05 −0.04 −0.07 −0.08
55 −0.23 −0.13 −0.11 −0.15 −0.25 −0.36 −0.17 −0.10 −0.11 −0.18 −0.07 −0.05 −0.03 −0.04 −0.09
50 −0.62 −0.35 −0.19 −0.21 −0.27 −0.45 −0.26 −0.14 −0.13 −0.17 −0.02 −0.01 −0.01 −0.01 −0.04
45 −0.96 −0.55 −0.26 −0.19 −0.22 −0.33 −0.25 −0.15 −0.13 −0.15 −0.00 −0.00 −0.00 −0.00 −0.01
40 −0.33 −0.26 −0.17 −0.12 −0.13 −0.18 −0.15 −0.11 −0.08 −0.09 −0.00 −0.00 −0.00 −0.00 −0.00
35 −0.12 −0.11 −0.08 −0.06 −0.06 −0.08 −0.07 −0.05 −0.04 −0.04 −0.00 −0.00 −0.00 −0.00 −0.00
30 −0.07 −0.05 −0.04 −0.02 −0.02 −0.04 −0.03 −0.02 −0.01 −0.01 −0.00 −0.00 −0.00 −0.00 −0.00
25 −0.03 −0.03 −0.01 −0.01 −0.01 −0.01 −0.01 −0.01 −0.00 −0.00 −0.00 −0.00 −0.00 −0.00 −0.00
20 −0.01 −0.01 −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
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Table A22.PNO2/Q for October NH.

Q 101 102 103 104 105 101 102 103 104 105 101 102 103 104 105

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 +0.00 +0.00 +0.00 +0.00 +0.00 +0.01 +0.00 −0.00 −0.00 −0.00 +0.01 +0.01
70 +0.00 +0.00 +0.00 +0.01 +0.02 +0.00 +0.00 +0.00 +0.02 +0.02 −0.03 −0.02 −0.01 +0.00 +0.02
65 +0.00 +0.00 +0.01 +0.03 +0.07 +0.01 +0.00 +0.01 +0.05 +0.07 −0.10 −0.06 −0.05 −0.02 +0.01
60 +0.02 +0.01 +0.02 +0.06 +0.15 +0.01 +0.01 +0.01 +0.05 +0.11 −0.27 −0.15 −0.11 −0.07 −0.01
55 +0.05 +0.03 +0.02 +0.05 +0.16 +0.00 +0.00 +0.00 +0.01 +0.10 −0.51 −0.33 −0.21 −0.20 −0.09
50 +0.02 +0.01 +0.01 +0.02 +0.08 −0.09 −0.06 −0.03 −0.03 +0.00 −0.69 −0.53 −0.34 −0.31 −0.29
45 −0.26 −0.14 −0.07 −0.05 −0.03 −0.24 −0.19 −0.12 −0.10 −0.11 −0.77 −0.65 −0.47 −0.41 −0.44
40 −0.38 −0.32 −0.21 −0.14 −0.14 −0.43 −0.36 −0.26 −0.21 −0.22 −0.78 −0.71 −0.56 −0.46 −0.50
35 −0.44 −0.40 −0.30 −0.22 −0.20 −0.57 −0.49 −0.37 −0.27 −0.28 −0.79 −0.72 −0.57 −0.46 −0.48
30 −0.50 −0.43 −0.27 −0.19 −0.16 −0.58 −0.49 −0.30 −0.20 −0.21 −0.73 −0.64 −0.44 −0.31 −0.30
25 −0.38 −0.27 −0.16 −0.08 −0.07 −0.40 −0.29 −0.15 −0.10 −0.10 −0.50 −0.37 −0.21 −0.13 −0.15
20 −0.21 −0.17 −0.08 −0.05 −0.04 −0.21 −0.16 −0.09 −0.05 −0.05 −0.23 −0.17 −0.09 −0.06 −0.07
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P. T. Verronen and R. Lehmann: Ionic reactions affecting middle atmosphere 945

Table A23.PNO3/Q for October NH.

Q 101 102 103 104 105 101 102 103 104 105 101 102 103 104 105

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 +0.01 +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 +0.00 +0.01 +0.00 +0.00 +0.00 +0.01 +0.00 +0.00 +0.01 +0.00 +0.01
70 +0.00 +0.00 +0.00 +0.00 +0.01 +0.01 +0.01 +0.01 +0.01 +0.01 +0.01 +0.01 +0.01 +0.01 +0.01
65 +0.01 +0.01 +0.01 +0.02 +0.02 +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 +0.05 +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 +0.08 +0.20 +0.09 +0.05 +0.03 +0.03 +0.08 +0.04 +0.03 +0.03 +0.03
50 +0.65 +0.39 +0.24 +0.20 +0.12 +0.25 +0.11 +0.04 +0.02 +0.02 +0.13 +0.06 +0.03 +0.02 +0.02
45 +1.32 +0.73 +0.34 +0.18 +0.12 +0.14 +0.13 +0.09 +0.07 +0.06 +0.12 +0.15 +0.12 +0.09 +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 +0.05 +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 +0.03 +0.04 +0.06 +0.01 +0.02 +0.03 +0.06 +0.08
25 +0.01 +0.01 +0.01 +0.02 +0.02 +0.01 +0.01 +0.01 +0.02 +0.03 +0.01 +0.01 +0.02 +0.02 +0.04
20 +0.00 +0.01 +0.01 +0.01 +0.01 +0.00 +0.01 +0.01 +0.01 +0.01 +0.00 +0.01 +0.01 +0.01 +0.02
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Table A24.PN2O5/Q for October NH.

Q 101 102 103 104 105 101 102 103 104 105 101 102 103 104 105

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 −0.00 −0.00 −0.00 −0.00 −0.00 −0.00 −0.00 −0.00 −0.00 −0.00 −0.00 −0.00
70 −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
65 −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
60 −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
55 −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
50 −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
45 −0.01 −0.00 −0.00 −0.00 −0.00 −0.06 −0.03 −0.01 −0.00 −0.00 −0.07 −0.04 −0.01 −0.00 −0.00
40 −0.11 −0.08 −0.03 −0.01 −0.00 −0.17 −0.13 −0.06 −0.02 −0.01 −0.19 −0.15 −0.08 −0.03 −0.01
35 −0.17 −0.14 −0.08 −0.03 −0.01 −0.25 −0.21 −0.12 −0.05 −0.02 −0.26 −0.23 −0.15 −0.06 −0.02
30 −0.21 −0.17 −0.10 −0.04 −0.02 −0.29 −0.22 −0.13 −0.06 −0.03 −0.31 −0.25 −0.15 −0.07 −0.04
25 −0.17 −0.13 −0.06 −0.03 −0.02 −0.19 −0.14 −0.07 −0.03 −0.03 −0.21 −0.16 −0.08 −0.04 −0.03
20 −0.13 −0.09 −0.05 −0.02 −0.02 −0.12 −0.09 −0.04 −0.02 −0.02 −0.13 −0.10 −0.05 −0.02 −0.02
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P. T. Verronen and R. Lehmann: Ionic reactions affecting middle atmosphere 947

Table A25.POH/Q for October SH.

Q 101 102 103 104 105 101 102 103 104 105 101 102 103 104 105

km SZA ≤ 90◦ SZA = 95◦ SZA ≥ 100◦

90 +0.01 +0.00 +0.00 +0.00 +0.00 +0.01 +0.00 +0.00 +0.00 +0.00 +0.01 +0.01 +0.00 +0.00 +0.00
85 +0.66 +0.47 +0.21 +0.06 +0.01 +0.67 +0.47 +0.21 +0.06 +0.01 +0.62 +0.42 +0.17 +0.05 +0.01
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 +0.90 +0.89 +0.89 +0.86 +0.74 +0.89 +0.90 +0.89 +0.86 +0.74 +0.90 +0.91 +0.90 +0.88 +0.77
70 +0.90 +0.90 +0.90 +0.89 +0.86 +0.90 +0.90 +0.90 +0.90 +0.88 +0.90 +0.90 +0.91 +0.93 +0.90
65 +0.90 +0.90 +0.91 +0.91 +0.91 +0.91 +0.91 +0.92 +0.93 +0.92 +0.92 +0.92 +0.93 +0.98 +0.97
60 +0.91 +0.91 +0.92 +0.94 +0.96 +0.90 +0.92 +0.95 +1.00 +1.03 +0.92 +0.93 +0.96 +1.04 +1.06
55 +0.93 +0.93 +0.94 +0.99 +1.04 +0.92 +0.93 +0.97 +1.04 +1.12 +0.92 +0.93 +0.98 +1.07 +1.16
50 +0.97 +0.96 +0.97 +1.03 +1.09 +0.94 +0.95 +0.98 +1.07 +1.16 +0.92 +0.94 +0.99 +1.09 +1.16
45 +1.20 +1.08 +1.03 +1.05 +1.12 +1.02 +1.01 +1.01 +1.07 +1.14 +0.97 +0.96 +0.98 +1.05 +1.11
40 +1.34 +1.24 +1.10 +1.07 +1.12 +1.16 +1.13 +1.06 +1.05 +1.12 +1.11 +1.09 +1.04 +1.02 +1.07
35 +1.36 +1.33 +1.23 +1.09 +1.11 +1.29 +1.27 +1.19 +1.05 +1.10 +1.20 +1.18 +1.12 +1.04 +1.06
30 +1.41 +1.39 +1.31 +1.16 +1.09 +1.34 +1.34 +1.27 +1.12 +1.08 +1.19 +1.18 +1.13 +1.05 +1.02
25 +1.23 +1.20 +1.12 +1.01 +0.96 +1.19 +1.18 +1.10 +1.01 +0.97 +1.14 +1.14 +1.09 +1.01 +0.97
20 +1.01 +1.00 +0.95 +0.93 +0.91 +1.01 +1.00 +0.95 +0.91 +0.91 +1.08 +1.06 +1.01 +0.93 +0.92
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Table A26.PHNO2/Q for October SH.

Q 101 102 103 104 105 101 102 103 104 105 101 102 103 104 105

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 +0.03 +0.01 +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 +0.08 +0.06 +0.02 +0.00 +0.00 +0.09 +0.06 +0.03 +0.01 +0.00 +0.09 +0.08 +0.05 +0.01 +0.00
70 +0.10 +0.09 +0.07 +0.04 +0.01 +0.10 +0.09 +0.08 +0.05 +0.02 +0.10 +0.09 +0.08 +0.06 +0.02
65 +0.10 +0.10 +0.09 +0.08 +0.05 +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 +0.08 +0.10 +0.10 +0.10 +0.09 +0.08 +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 +0.10 +0.10 +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 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10
45 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10
40 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10
35 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10
30 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10
25 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +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 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10 +0.10
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P. T. Verronen and R. Lehmann: Ionic reactions affecting middle atmosphere 949

Table A27.PH/Q for October SH.

Q 101 102 103 104 105 101 102 103 104 105 101 102 103 104 105

km SZA ≤ 90◦ SZA = 95◦ SZA ≥ 100◦

90 +0.01 +0.00 +0.00 +0.00 +0.00 +0.01 +0.00 +0.00 +0.00 +0.00 +0.01 +0.01 +0.00 +0.00 +0.00
85 +0.66 +0.47 +0.21 +0.06 +0.01 +0.67 +0.47 +0.21 +0.06 +0.01 +0.62 +0.42 +0.17 +0.05 +0.01
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 +0.95 +0.91 +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 +1.00 +0.99 +0.97 +0.93 +0.86 +1.00 +0.99 +0.96 +0.93 +0.85 +0.96 +0.96 +0.93 +0.88 +0.83
65 +1.00 +1.00 +0.99 +0.96 +0.91 +0.97 +0.98 +0.96 +0.91 +0.87 +0.83 +0.89 +0.85 +0.80 +0.79
60 +1.00 +1.00 +0.99 +0.96 +0.89 +0.90 +0.93 +0.91 +0.82 +0.78 +0.62 +0.76 +0.76 +0.65 +0.67
55 +0.99 +0.99 +0.98 +0.90 +0.76 +0.76 +0.82 +0.83 +0.70 +0.60 +0.44 +0.58 +0.65 +0.51 +0.46
50 +0.98 +0.97 +0.95 +0.84 +0.64 +0.61 +0.67 +0.73 +0.63 +0.47 +0.41 +0.47 +0.56 +0.46 +0.32
45 +0.82 +0.86 +0.86 +0.75 +0.55 +0.39 +0.51 +0.62 +0.58 +0.43 +0.29 +0.41 +0.51 +0.47 +0.33
40 +0.31 +0.44 +0.63 +0.65 +0.49 +0.20 +0.30 +0.50 +0.56 +0.42 +0.15 +0.25 +0.45 +0.52 +0.39
35 +0.12 +0.19 +0.35 +0.56 +0.49 +0.11 +0.17 +0.32 +0.53 +0.45 +0.09 +0.15 +0.30 +0.50 +0.44
30 +0.07 +0.11 +0.24 +0.46 +0.52 +0.06 +0.10 +0.23 +0.44 +0.48 +0.06 +0.11 +0.24 +0.45 +0.49
25 +0.18 +0.28 +0.50 +0.73 +0.79 +0.14 +0.22 +0.43 +0.66 +0.72 +0.11 +0.18 +0.37 +0.62 +0.68
20 +0.64 +0.71 +0.85 +0.93 +0.96 +0.56 +0.65 +0.81 +0.92 +0.94 +0.38 +0.48 +0.69 +0.86 +0.90
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Table A28.PHNO3/Q for October SH.

Q 101 102 103 104 105 101 102 103 104 105 101 102 103 104 105

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 +0.01 +0.01 +0.01 −0.00 −0.01
75 −0.00 −0.00 −0.00 −0.00 −0.01 −0.00 −0.00 −0.00 −0.00 −0.01 +0.01 +0.01 +0.01 +0.01 −0.01
70 −0.00 −0.00 −0.00 −0.00 −0.01 +0.00 +0.00 +0.00 −0.00 −0.01 +0.04 +0.03 +0.04 +0.03 +0.01
65 −0.00 −0.00 −0.01 −0.01 −0.01 +0.02 +0.01 +0.01 +0.02 +0.01 +0.15 +0.09 +0.11 +0.10 +0.04
60 −0.01 −0.01 −0.01 −0.01 +0.01 +0.10 +0.05 +0.04 +0.07 +0.05 +0.36 +0.21 +0.18 +0.20 +0.13
55 −0.02 −0.02 −0.02 −0.01 +0.06 +0.22 +0.15 +0.10 +0.14 +0.14 +0.54 +0.39 +0.27 +0.30 +0.25
50 −0.05 −0.03 −0.02 +0.03 +0.15 +0.35 +0.28 +0.19 +0.20 +0.25 +0.57 +0.49 +0.35 +0.35 +0.40
45 −0.12 −0.04 +0.01 +0.10 +0.23 +0.51 +0.40 +0.27 +0.25 +0.33 +0.68 +0.55 +0.41 +0.38 +0.46
40 +0.31 +0.26 +0.19 +0.20 +0.31 +0.62 +0.53 +0.38 +0.31 +0.38 +0.80 +0.70 +0.51 +0.42 +0.50
35 +0.50 +0.46 +0.38 +0.29 +0.32 +0.60 +0.56 +0.47 +0.38 +0.41 +0.83 +0.77 +0.64 +0.50 +0.52
30 +0.50 +0.48 +0.41 +0.32 +0.31 +0.60 +0.56 +0.48 +0.40 +0.40 +0.83 +0.79 +0.67 +0.50 +0.47
25 +0.57 +0.50 +0.34 +0.20 +0.17 +0.67 +0.60 +0.43 +0.27 +0.25 +0.81 +0.74 +0.56 +0.35 +0.31
20 +0.35 +0.27 +0.14 +0.06 +0.05 +0.47 +0.37 +0.20 +0.09 +0.07 +0.62 +0.52 +0.30 +0.15 +0.12
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Table A29.PNO/Q for October SH.

Q 101 102 103 104 105 101 102 103 104 105 101 102 103 104 105

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 −0.01 −0.01 −0.01 −0.01 −0.00
75 +0.00 +0.00 +0.00 +0.00 −0.01 +0.00 +0.00 +0.00 −0.02 −0.01 −0.02 −0.02 −0.02 −0.02 −0.02
70 +0.00 +0.00 −0.01 −0.03 −0.06 −0.01 −0.01 −0.02 −0.05 −0.07 −0.04 −0.02 −0.04 −0.04 −0.04
65 −0.02 −0.02 −0.02 −0.08 −0.17 −0.06 −0.03 −0.04 −0.11 −0.16 −0.07 −0.04 −0.05 −0.08 −0.08
60 −0.10 −0.06 −0.08 −0.17 −0.31 −0.19 −0.09 −0.08 −0.14 −0.25 −0.07 −0.04 −0.04 −0.07 −0.11
55 −0.34 −0.19 −0.14 −0.22 −0.39 −0.35 −0.19 −0.12 −0.16 −0.27 −0.02 −0.02 −0.01 −0.03 −0.11
50 −0.75 −0.39 −0.21 −0.23 −0.35 −0.38 −0.25 −0.15 −0.16 −0.24 −0.00 −0.00 −0.00 −0.00 −0.02
45 −0.80 −0.48 −0.23 −0.18 −0.25 −0.26 −0.21 −0.13 −0.12 −0.18 −0.00 −0.00 −0.00 −0.00 −0.00
40 −0.25 −0.21 −0.15 −0.11 −0.14 −0.11 −0.10 −0.08 −0.07 −0.09 −0.00 −0.00 −0.00 −0.00 −0.00
35 −0.08 −0.08 −0.07 −0.06 −0.07 −0.05 −0.04 −0.04 −0.04 −0.04 −0.00 −0.00 −0.00 −0.00 −0.00
30 −0.04 −0.04 −0.03 −0.03 −0.03 −0.02 −0.02 −0.02 −0.01 −0.02 −0.00 −0.00 −0.00 −0.00 −0.00
25 −0.03 −0.03 −0.02 −0.01 −0.01 −0.01 −0.01 −0.01 −0.01 −0.01 −0.00 −0.00 −0.00 −0.00 −0.00
20 −0.01 −0.01 −0.01 −0.00 −0.00 −0.00 −0.00 −0.00 −0.00 −0.00 −0.00 −0.00 −0.00 −0.00 −0.00
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Table A30.PNO2/Q for October SH.

Q 101 102 103 104 105 101 102 103 104 105 101 102 103 104 105

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 +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 −0.02 −0.01 +0.01
65 +0.01 +0.01 +0.01 +0.05 +0.15 +0.01 +0.00 +0.01 +0.07 +0.13 −0.10 −0.06 −0.07 −0.04 +0.01
60 +0.03 +0.02 +0.02 +0.08 +0.22 +0.01 +0.01 +0.01 +0.04 +0.17 −0.33 −0.19 −0.15 −0.15 −0.04
55 +0.04 +0.02 +0.02 +0.05 +0.19 −0.02 −0.01 −0.01 +0.00 +0.11 −0.59 −0.39 −0.27 −0.28 −0.16
50 −0.08 −0.04 −0.02 −0.01 +0.05 −0.15 −0.10 −0.06 −0.05 −0.02 −0.72 −0.55 −0.37 −0.36 −0.39
45 −0.55 −0.32 −0.16 −0.12 −0.10 −0.32 −0.26 −0.19 −0.16 −0.17 −0.74 −0.64 −0.47 −0.41 −0.49
40 −0.52 −0.45 −0.32 −0.23 −0.23 −0.45 −0.41 −0.33 −0.28 −0.32 −0.66 −0.61 −0.50 −0.44 −0.50
35 −0.39 −0.36 −0.32 −0.29 −0.31 −0.46 −0.43 −0.39 −0.36 −0.38 −0.62 −0.59 −0.53 −0.46 −0.49
30 −0.39 −0.37 −0.34 −0.29 −0.32 −0.48 −0.45 −0.40 −0.37 −0.38 −0.65 −0.62 −0.55 −0.45 −0.46
25 −0.47 −0.40 −0.28 −0.18 −0.18 −0.56 −0.50 −0.38 −0.25 −0.24 −0.65 −0.59 −0.46 −0.30 −0.30
20 −0.25 −0.19 −0.10 −0.05 −0.04 −0.34 −0.26 −0.15 −0.08 −0.07 −0.45 −0.37 −0.21 −0.12 −0.10
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Table A31.PNO3/Q for October SH.

Q 101 102 103 104 105 101 102 103 104 105 101 102 103 104 105

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 +0.01 +0.01
75 +0.00 +0.00 +0.00 +0.00 +0.01 +0.00 +0.00 +0.00 +0.00 +0.01 +0.01 +0.01 +0.01 +0.01 +0.02
70 +0.00 +0.00 +0.01 +0.01 +0.01 +0.01 +0.01 +0.01 +0.01 +0.02 +0.02 +0.01 +0.02 +0.02 +0.02
65 +0.01 +0.01 +0.02 +0.04 +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 +0.05 +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 +0.46 +0.25 +0.21 +0.15 +0.18 +0.07 +0.02 +0.01 +0.01 +0.15 +0.06 +0.02 +0.01 +0.01
45 +1.47 +0.84 +0.38 +0.20 +0.12 +0.09 +0.09 +0.05 +0.03 +0.02 +0.10 +0.11 +0.06 +0.03 +0.03
40 +0.52 +0.44 +0.30 +0.16 +0.08 +0.02 +0.04 +0.07 +0.06 +0.05 +0.02 +0.05 +0.09 +0.08 +0.06
35 +0.05 +0.06 +0.07 +0.10 +0.08 +0.01 +0.01 +0.04 +0.08 +0.07 +0.01 +0.02 +0.05 +0.10 +0.09
30 +0.01 +0.01 +0.02 +0.04 +0.06 +0.00 +0.01 +0.02 +0.04 +0.06 +0.00 +0.01 +0.02 +0.05 +0.07
25 +0.01 +0.01 +0.02 +0.03 +0.04 +0.00 +0.01 +0.02 +0.03 +0.04 +0.00 +0.01 +0.02 +0.03 +0.05
20 +0.01 +0.01 +0.01 +0.01 +0.01 +0.01 +0.01 +0.01 +0.01 +0.02 +0.01 +0.01 +0.01 +0.01 +0.02
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Table A32.PN2O5/Q for October SH.

Q 101 102 103 104 105 101 102 103 104 105 101 102 103 104 105

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 −0.00 −0.00 −0.00 −0.00 −0.00 −0.00 −0.00 −0.00 −0.00 −0.00 −0.00 −0.00
70 −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
65 −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
60 −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
55 −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
50 −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
45 −0.00 −0.00 −0.00 −0.00 −0.00 −0.01 −0.01 −0.00 −0.00 −0.00 −0.02 −0.01 −0.00 −0.00 −0.00
40 −0.03 −0.02 −0.01 −0.01 −0.01 −0.04 −0.03 −0.02 −0.01 −0.01 −0.08 −0.07 −0.05 −0.03 −0.03
35 −0.04 −0.04 −0.03 −0.02 −0.01 −0.05 −0.05 −0.04 −0.03 −0.03 −0.11 −0.10 −0.08 −0.07 −0.06
30 −0.04 −0.04 −0.03 −0.02 −0.01 −0.05 −0.05 −0.04 −0.03 −0.03 −0.09 −0.09 −0.07 −0.05 −0.04
25 −0.04 −0.04 −0.03 −0.02 −0.01 −0.05 −0.05 −0.03 −0.02 −0.02 −0.08 −0.08 −0.06 −0.04 −0.03
20 −0.05 −0.04 −0.02 −0.01 −0.01 −0.07 −0.06 −0.03 −0.01 −0.01 −0.09 −0.08 −0.05 −0.02 −0.02
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