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Abstract. The theoretical PGI (Polar Geophysical Institute) tasks, in particular, for estimations of nitric oxide concentra-
model for the quiet lower ionosphere has been applied fottion in the mesosphere.

computing the ionization rate and electron density profiles inKeywords lonosphere (lon chemistry and composition:;

the summer and winter D-region at solar zenith angles Ies?onization mechanisms; Modeling and forecasting)
than 80 and larger than 99under steady state conditions. ’

In order to minimize possible errors in estimation of ioniza-
tion rates provided by solar electromagnetic radiation and to
obtain the most exact values of electron density, each wavel Introduction
length range of the solar spectrum has been divided into sev-
eral intervals and the relations between the solar radiation inCharacteristic features of the ion structure of the D-region
tensity at these wavelengths and the solar activity inéiex between 50-90 km heights are the presence of ion clusters,
have been incorporated into the model. Influence of minorformation of simple and complex negative ions, interactions
neutral species (NO, 4D, O, O3) concentrations on the elec- between primary ions and chemically active minor neutral
tron number density at different altitudes of the sunlit quiet components. Knowledge of the ionospheric structure, in par-
D-region has been examined. The results demonstrate that Heular the height distribution of the electron number density
altitudes above 70 km, the modeled electron density is mos®S @ function of geographical location, season and time is im-
sensitive to variations of nitric oxide concentration. ChangesPortant for radio wave propagation. From a scientific point of
of water vapor concentration in the whole altitude range ofview, investigation of the lower ionosphere and examination
the mesosphere influence the electron density only in the na@f its structure allow the study of coupling processes between
row height interval 73-85km. The effect of the change of the neutral atmosphere and the ionospheric plasma, and be-
atomic oxygen and ozone concentration is the least signififween space weather and Earth’s geospace.
cant and takes place only below 70 km. Despite of development and improvement of radio-
Model responses to changes of the solar zenith angle, soldysical methods for measurements of the electron num-
activity (low—high) and season (summer—winter) have beerPer density, including ground-based techniques and sound-
considered. Modeled electron density profiles have beerdd rockets, there is a large uncertainty in the obtained re-
evaluated by comparison with experimental profiles availablesults. Moreover, during quiet conditions and weak auroral
from the rocket measurements for the same conditions. It i€vents, experimental data on electron density at altitudes
demonstrated that the theoretical model for the quiet lowefoelow 80km are often absent. Incoherent scattering of ra-
ionosphere is quite effective in describing variations in ion- dio waves gives reliable information about the height distri-
ization rate, electron number density and effective recombiution of the electron number density during quiet periods
nation coefficient as functions of solar zenith angle, solar acat altitudes above 75-80km. The partial reflection method

tivity and season. The model may be used for solving inversellows reliable electron number density to be obtained in
the quiet ionosphere only at altitudes above 80 km. Rocket
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1346 V. Barabash et al.: Electron density profiles in the quiet lower ionosphere

measurements that apply the Faraday rotation method givsity in the whole D-region, including the lower altitudes. The
the most reliable data, but do not provide long-term data setstotal PGI (Polar Geophysical Institute) model of ionization-
In order to improve methods for prediction of radio wave recombination cycle for the D-region takes into account
propagation and to ensure communication, better knowledgsources of ionization, ion-molecular reactions that form pos-
of the spatial and temporal distribution of the electron den-itive cluster ions and complex negative ions from the pri-
sity under various conditions is needed, i.e. in geomagnetianary ions, their dependence on temperature and number den-
quiet and disturbed situations, for different seasons and solasities of minor neutral constituents, electron attachment to
zenith angles. There are several empirical and semi-empiricaheutrals, electron photo-detachment of negative ions, photo-
models of the D-region (for example, Friedrich and Torkar, dissociation of negative ions, recombination of positive ions
1992, 1998, 2001; Danilov, 2000; McKinnell and Friedrich, with electrons, reactions of ion-ion recombination. A com-
2007) that have been proposed as inputs to the Internationgduter algorithm for computation of ionization rates produced
Reference lonosphere model (IRI). However, these modeldy solar protons has been developed and tested by Kirkwood
have not been applied for description of the great variabil-(1988) and Kirkwood and Osepian (1995). Reliable mea-
ity in the electron number density below 75-80 km nor undersurements of solar proton fluxes in several energy intervals
specific geophysical situations. This is especially important(by the satellites GOES) permit good estimations of ioniza-
for stable operation, navigation and communications in verytion rates and electron number densities. Atomic oxygen and
low and low frequency (VLF/LF) ranges, since these wavesozone profiles which lead to model electron number density
are reflected from the lower border of the D-region. profiles Ne(h) consistent with observations and which, con-
Theoretical models are useful tools for examining the sequently, are the most appropriate for polar mesospheric al-
structure of the lower ionosphere during various geophys-itudes under solar proton event conditions have been pre-
ical situations and at any heights if they take into accountsented by Osepian et al. (2008, 2009a).
all basic processes and factors that influence the ionization In this study, the theoretical PGl model of the D-region
balance. The principal purpose and the complexity of the-has been modified to examine the structure of the lower
oretical model construction is the correct description of theionosphere during quiet conditions and at any geographic
physical and chemical processes that create and support thatitude. In order to minimize possible errors in estimation
ionosphere in the D-region. These processes are ionizationof ionization rates by solar electromagnetic radiation which
and different types of chemical and recombination reactionsmight be neglected during solar proton precipitation, a new,
Efficiencies of ion-molecular reactions which, together with more accurate algorithm for computation of solar radiation
processes of ionization and recombination, form ionospheréntensity at different levels of solar activity has been applied.
structures depend on the local concentrations of long-lived~or this aim the dependences of the solar radiation inten-
species such as NO,,B, O and Q. They, in turn, depend sity on the solar index g7 derived by Nusinov (1992) for
on solar illumination, season, ionization sources, solar activeach wavelength range of the solar spectrum were used. The
ity, turbulence, diffusion, transport and other factors. There-model of the lower ionosphere consists of the following mod-
fore, it is important to incorporate, into any model, realistic ules:
height profiles of the minor constituents that are appropriate ) _
for a given geophysical situations. However, for the present — model of the neutral atmosphere’s major constituents
there is a lack of accurate experimental information on the ~ (MSIS-2000) (Hedin, 1991; Picone et al., 2002);
height distribution of many of these constituents. Measure-
ments demonstrate a significant difference in minor species
concentrations at the altitudes of the mesosphere for similar — algorithm for calculating solar radiation intensity in dif-
geophysical conditions. Theoretical estimations of numerical ferent wavelength ranges;
density of minor species, obtained with different diffusive-
photochemical models, but for the same conditions, also dif- — algorithm for calculating the ionization rates taking into
fer from each other and are not in good correlation with the ~ account all sources of the ionization during quiet peri-
experimental data. This creates a problem for suitable choice ~ 0ds;
of minor constituents profiles in each concrete case and can
lead to inaccuracies in the modeling of electron density and
other ionospheric parameters.
The ion-chemical model developed by Smirnova et
al.l(1988) for the lower ionosphgre h:_;ts been u_sed by Os- _ ion chemistry model (Smirmova et al., 1988).
epian et al. (2008, 2009a, b) to investigate the influence of
the atomic oxygen and ozone concentrations on the electrofihis type of model construction provides good opportuni-
density and the ion composition at different altitudes in theties for model modification when new data on ionospheric
D-region during solar proton events, when there are favor-and mesospheric parameters, ionization sources and chemi-
able conditions for accurate measurements of electron dercal processes appeatr.

— height profiles of the minor neutral constituents;

— algorithm for calculating concentration of minor neutral
constituents for different solar zenith angles and differ-
ent altitudes;
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The ion chemical model, implemented as a separate mod- — to verify the modeledVe(h)-profiles with experimental

ule in the theoretical model of ionization-recombination data in the sunlit summer and winter ionosphere and to
cycle for D-region, has been developed by Smirnova et determine which profiles of minor neutral constituents
al. (1988). In this model the simple cluster ions NH,0), lead to the best agreement between theoretical and ex-
and Q-(HZO),,, formed from the primary ions NOand q perimentalNe values for chosen situations.

are combined into a cluster family 1, CITheir recombina-

tion coefficient with electrons s typically 2 10-6 cmd s~ A brief description of the ionisation sources in quiescent con-

P hvd H.(HO bined i | ¢ ditions is presented in Sect. 2. The height profiles of the
roton hydrates H-(H20)n, are combinedinto aclusterfam- o< soheric minor neutral species (NO, Q, 8,0) are

- + . . . -
ily 2, Cl;. They recombine with electrons about five times given in Sect. 3. Model simulations of the ionospheric pa-

faft(.ar.tlhan ions from Gl The primary negative ionsPand  rameters in the daytime summer and winter ionosphere are
O~ initiate series of reactions with neutral constituents andgiven in Sect. 4. Section 5 contains discussion and conclu-

produce complex negative ions, in particulag @, , CO,, sions.

CQ, . These ions are intermediate, have short life time and

low concentrations. However, their role in formation of the

major intermediate ion CPand the stable ND ion, which 2 Sources of ionization in the quiescent conditions
is formed from CQ, is very important.

In the ion-chemical model that was used in this study, the
efﬁqency (_)f the hYdra‘_t'O” cha|.ns of N*Oa}nd.q* and re- Solar radiation is the leading source of ion production in
action chains forming intermediate negative ions;Ci@m ¢ gaytime ionosphere under quiet geophysical conditions.
the primary ions @ and O are substituted by the effec- |gnjzation of the D-region during the daytime is determined
tive parameter$(N+"), B(O3), B(Oy) andB(O~) which  py several wavelength ranges, namely, hard X-rays (less
are determined by the expressions (A1)—(A4) given in thethan 1 nm), soft X rays (1-10 nm), L§{102.6 nm) and Ly-
Appendix. The transformation of £lto proton hydrates ¢ (121.6 nm) emissions, the continuum radiation at 102.6—
H*.(H20)n is described by the expression (A5). The rate 111.8 nm. The ion production rate at the altitudis deter-
constants for positive and negative ion reactions are givemnined by the classic formula:
in Tables Al and A2, respectively.

The input parameters for the model are date, local time, geCph(h) = Y T Y ai(ni(h)
omagnetic latitude, geographic latitude and longitude, tem- A i
perature, altitude profiles for ON>, height profiles for mi- 7
nor neutral constituents (NO, O,30H20, Ox(1Ag), NOy, exp —Z5i ()\)/Ni (x)Ch(x)dz 1)
COy) for noon and midnight LT with a vertical step of 1 km I h
and solar activity indextig7. Due to the short lifetime of
ions and electrons in the D-region, dynamical and transpor

effects are ignored. The continuity equations for the maing - cross sectiors () is the absorption cross section(h)

posmve_lons (EIOL' 0, CII’ CI;) and negative ions (9 is the concentration of the neutral component at the altitude
O~, CO;5, NO3) are solved under steady-state conditions. 0

Electron number densitye is calculated as the difference / and [ Ni(z)Ch(x)dz is the content of absorbing compo-
between positive and negative ion number densities. Unde
equilibrium conditions, effective recombination coefficient
aeff is determined from the continuity equation for elec-
trons Q(h) = aeft - Ne?. More detailed description of the ion-

2.1 Daytime conditions

where Jo (1) is the intensity of the solar radiation on the
{op of the atmosphere at wavelengtha;() is the ioniza-

hent ir? the atmosphere column above the given altitude
Ch(y) is the Chapman grazing incidence function, which
can be calculated according to Smith and Smith (1972). lon-
: e . .__ization and absorption cross sections have been evaluated for
chemical model is given by Smimova et al. (1988), Oseplandifferent wavelengths by Nicolet and Aikin (1960); Ivanov-
etal. (2008). . Kholodniy and Velichanskiy (1973): Torr et al. (1979); Rees
The aim of this study is (1989); Nusinov (1986, 1992).
For each wavelength range of the solar spectrum, solar
— to model electron density profiles in the quiet lower radiation intensity has a different dependence on the level
ionosphere using NO, O, Dand HO profiles with  of solar activity where the latter can be described by the
different values of concentration and evaluate their in'parameterFlo_7. For calculation of solar X-ray and EUV-
fluence on the electron number density at the differentradiation intensities as functions of solar activity a method
altitudes; developed by Nusinov (1992) has been applied. According to
this method, solar radiation intensity in the wavelength range

) 10-102.6 nm can be calculated using the expression:
— to examine the response of the model to changes of the

solar zenith angle, solar activity and season; Jy(F107) = Ry, x Js84(F107) 2)

www.ann-geophys.net/30/1345/2012/ Ann. Geophys., 30, 13436Q 2012
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where the wavelength of 58.4 nm is assumed to be a princi2.2 Nocturnal conditions
pal line. The valuer,, for every line is calculated using the
following expression with coefficients, andb, as given by  For calculation of the ion-production rate in nocturnal con-

Nusinov (1992): ditions, a semi-empirical approach developed by Kashirin
(1986) has been applied. This approach is based on the com-
Ry = a; + by Jsga(F107). (3) bined analysis of theoretical and experimental data on spatial

and time variations of the scattered radiation and provides
The order and units afsg4(Fio7) are 18 cm2sL. It de- the total isotropic flux at an altitude of 300 km for four wave-

pends on the solar activity according to the expression: ~ 1engths, i.e. 30.4nm (He II), 58.4nm (He I), 121.6 nm (Ly-
a), and 102.6 nm (Ly8). The flux is a function of solar zenith
Jsga(Fio7) = 1.38+0.111(F, — 60)°-567 angley, solar activity F197 and season. The ion production
40.0538 Fig7 — F)*667 @) rate due to scattered radiation at wavelengtat altitudes

below 300 km is given by
The photoionization and photo-absorption cross-sections for

21
Oz, N2 and O within the wavelength range 10-102.6 nm are , i r )
taken according to Torr et al. (1979) and Rees (1989). q" =0oni /‘M’ sindd6 J;. (0, ¢) exp[ -7, sed] (10)
Variation of the Lye intensity as a function of solar activ- 0 0
ity is given by the expression: where
J1216(F107) = {1344 39.9(F, — 60)%-6¢7 hmax
+5.47(F107 — Fp)*%%"} x 10° B 1, =0f f [O2] (h) dh. (11)

where, Fj is the background flux of the solar radio emission h

at the wavelength of 10.7 cm. Variations &f during the so-

X In Egs. (10) and (11);/{ is the ionization cross section at
lar cycle are defined as

wavelengthi, o7 is the absorption cross sectiof,is the
zenith angleg is the azimuth angle;; is the concentration

of the component that absorbs and scatters the radiation at
the characteristic altitude, i.e. NO for Ly« radiation, Q

for Ly-8 line, Oy, N2 and O for He | and He Il lines. The
with the coefficients4; (82.1, —19.6, 1.778, 2.59-2.33)  Scattered radiation at 300 km is assumed to be isotropic over

and B; (0, 10.55,—0.956, 3.104-0.925) incorporated into the downward hemisphet® (6. ¢) = Jj.

4
Fo= [Ajcos(2rit/T)+ Bisin(2rit/T)] (6)
i—0

the program from Nusinov (1992): is the duration of the ~ The model takes into account the ionization by galactic
solar cycley is the number of years from the solar cycle min- Cosmic rays, whose intensity depends on geomagnetic lati-
imum. tude and solar activityf1o7, according to Swider (1979).

The X-ray intensity for varying solar activity conditions

can be expressed as . .
P 3 The minor neutral constituents

Dra-sp (Fr07) = J2 ., I (F107) /16.8] (7) " lon composition and ion molecular reactions in the D-region
are directly coupled to the local concentration of the long-

with parameter/ determined as lived minor neutral species including NO,8, O and Q.
Nitric oxide, NO, is the most important component for the

d =0.22+1.56/13. (8)  D-region ion chemistry under quiet conditions. lons NO

are the main source of cluster ions in the quiet lower iono-
INEq. (7)Ir (F1o7) is the energy flux given in yW nif within -~ sphere. Molecules of NO actively participate in complex
the wavelength interval 0.8-2.0 niii(F10.7) varies withthe  photochemical reactions, resulting in formation of the fi-

solar activity according to: nal ions NG . Experimental data demonstrate the depen-
dence of NO number density on latitude, solar activity and
It (F107) = 0.29F107 — 18 (9)  season (Grossmann et al., 1985; Siskind and Rusch, 1992;

Siskind et al., 1997, 1998). Theoretical studies have revealed
The values oflkolfA2 and the absorption and ionization cross- the processes controlling photochemical sources and sinks
sections for all intervals of the X-ray spectrum are given by of nitric oxide (Ogawa and Shimazaki, 1975; Siskind et al.,
Nusinov (1986, 1992). The intensity of the continuum radi- 1997, 1998). The reactions that are responsible for produc-
ation within the wavelength range 102.7-111.8 nm dependsion of odd nitrogen, i.e. nitrogen oxide and atomic nitro-
on the solar activity according to Paulsen et al. (1972). gen, in the lower thermosphere, are summarized in Table 1.

Ann. Geophys., 30, 1345:36Q 2012 www.ann-geophys.net/30/1345/2012/
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Table 1. Reactions responsible for odd nitrogen production (Ogawa and Shimazaki, 1975; Marov et al., 1996; DeMore et al., 1994; Sander
et al., 2003).

No. Reaction Rate constant, 8!
(R1) Ny +hv (800-10008) — N + N 1.90x 1078
(R2) Ny +hv (1-8008) > N+N 453x10°8
(R3)  NoO +hv (630-249R) — NO + N 371x 1078
(R4)  NO, + hv (2440-398R) — NO + O 830x 1073

(R5)  NO, +hv (1027-244R) - NO +O(D) 1.22x 1074
(R6) Np+pt — N(D)+N@AS)+pt -
(R7)  Np+e— N(D) +NAS) +e

(R8) NJ +0-— N(D)+NO* 1.4 x 10710. 300/ 7)0-44
(R9) NOt +e— N(@D)+0 4.2 % 1077300/ T)0-85
(R10) N@D)+ 0, — NO+0 15x 10711 . exp(—3600/ T)

pT is primary protong is secondary electron.
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------- 1 ====1a = === 1b 1c 1d /Solomon et al., 1982/
------- 2 fOgawa and Shimazaki, 1975/ 2a 2b /Siskind et al., 1998/ Model: =eeeeee 1 -== 1
38 ceeees 3b /Meira, 1971/ Measurements: ====== 2 2a 2b 2c

Fig. 1a.Examples of nitric oxide number density profiles during the iy 1h Examples of nitric oxide number density profiles during the
daytime (solar zenith angle below 9Cretrieved from photochemi-  yignttime (solar zenith angle above94etrieved from photochem-

calmodels 1, 1a, 1b, 1c, 1d (Solomon et al., 1982) and experimentgka| models 1, 1b (Solomon et al., 1982) and measurements 2, 2a,
measurements 2 (Ogawa and Shimazaki, 1975), 2a, 2b (Siskind elh, 2¢ (HALOERhttp://haloe.gats-inc.com/home/index.php
al., 1998), 3a, 3b (Meira, 1971).

experiment (HALOE) on board the Upper Atmosphere Re-
Reactions (R1)—(R5) are responsible for photo dissociatiorsearch Satellite (UARS) which has demonstrated significant
of N2, N2O and NG in quiet conditions. At high latitudes, coupling between the NO layers in the thermosphere and
odd nitrogen can be produced by the collisions between nithe middle atmosphere (Siskind and Russel, 1996; Siskind
trogen and relativistic protons (Reaction R6) or secondaryet al., 1998). Examples of NO profiles, including available
electrons (Reaction R7). According to Porter et al. (1976),profiles with minimum and maximum NO concentrations,
during the Reaction (R6), 45% of nitrogen atoms are inare shown for daytime and nighttime in Fig. 1a and b. The
the state [NtS)] and 55 % are in the excited state fR{]. discrepancies in the numerical density for daytime NO pro-
Since there is a strong coupling between the neutral andiles (Fig. 1a) might be about one order of magnitude. Dif-
ionized species, the reactions involving ionic species (Reacference in the nighttime NO concentrations (Fig. 1b) might
tions R8, R9) are important to increase the concentration obe a few orders of magnitude. The nighttime profiles 1 and
NO through the Reaction (R10). Downward transport from 1b (Fig. 1b) have been calculated from the respective day-
the thermosphere is the main source of NO in the mesotime profiles 1 and 1a (Fig. 1a) using the coefficients from
sphere. This has been confirmed by Halogen OccultatiorOgawa and Shimazaki (1975). The NO profiles 2, 2a, 2b and

www.ann-geophys.net/30/1345/2012/ Ann. Geophys., 30, 13436Q 2012
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=——— [03]- 3, 3n Rodigoetal, 185/ T [03]- 5 /Gumbel et l, 1998/ Fig. 2b. Profiles of water vapor number density (HALOtp:

/lhaloe.gats-inc.com/home/index.phpCurve wl — for winter.
Fig. 2a.Profiles of atomic oxygen and ozone in the sunlit and noc- Curves s1, s2 — for summer.
turnal mesosphere (d — day; n — night).

are more pronounced than during the daytime. Profiles of

) . ~atomic oxygen and ozone at local noon and midnight pre-
2¢ have been obtained from the HALOE instrument (2011):gented in Fig. 2a are used as input parameters into the theo-

(http://haloe.gats—inc.com/home/index.mhAII profiles of retical model of the D-region. The O profiles 1 and 2 at al-

nitric oxide presented in Fig. 1a and b have been used agydes between 60 and 85 km are taken from the models by

inputs for modeling the electron density profiles. _ Zadorozhny (1982) and Shimazaki and Laird (1972). The O
Modern knowledge on the height distribution of atomic ,qfile above 85 km is taken from the MSIS-2000 neutral at-

oxygen in the quiet mesosphere, especially below 80 km, ignosphere model. ThedB profiles are taken from the model

mainly based on the results of the theoretical estimations deby Rodrigo et al. (1986). The profiles O-4 ang-Bat alti-

rivgd from diffusion-photochemical m_odels (Shimazaki and {,4es above 70 km are taken from Gumbel et al. (1998). They

Laird, 1970, 1972; Turco and Sechrist, 1972; Keneshea efaye peen arbitrarily extrapolated downward to 60 km.

al., 1979; Zadorozhny, 1982; Brasseur and Offermann, 1986; \yater vapor profiles are taken from measurement by the

Murray and Plane, 2005). The atomic oxygen is controlledya| OE instrument (Fig. 2b).

by both photochemical and dynamical processes (turbulence,

molecular and eddy diffusions, vertical and meridional trans-

ports). During the daytime, concentrations of atomic oxygen4 Results

at altitudes below 80 km are about®@m~3. When the so-

lar zenith angle exceeds 96ohotochemical production of To test the quality of the model and to determine which pro-

atomic oxygen stops and its number density drops dramatifiles of minor neutral constituents are the most appropriate

cally. for mesospheric altitudes under quiet conditions, simulated
Ozone is continually formed and destroyed in the meso-electron density profiles are compared with electron densi-

sphere. Measurements (Zommerfields et al., 1989; Fusseties obtained from rocket experiments in summer and winter

et al., 2000; Kaufmann et al., 2003; Polyakov et al., 2005)for solar zenith angles less than°8@ay) and larger than

and theoretical investigations (Shimazaki and Laird, 1970,99° (night). Rocket data obtained by the Faraday rotation

1972; Thomas and Bowman, 1972; Zadorozhny, 1982; Roimethod in the Volgograd region (geographic coordinates are

drigo et al., 1986; Sandor et al., 1997) show substantial diur48.5 N, 45.6 E; geomagnetic latitude is 43.lN) have been

nal variations of ozone concentration with maximum valuestaken from catalogues presented by Danilov and Ledomskya

at nighttime. Theoretical values of o0zone numerical density(1983), Smirnova et al. (1990).

are rather close to experimental values. It should be noted Figure 3a shows electron density profiles in the altitude

that differences between maximum and minimum values ofrange between 70 and 90 km measured near Volgograd un-

ozone, derived in different theoretical models for the sim-der similar geophysical conditions, i.e. solar zenith angles

ilar conditions, are not as large as for NO and O concen-of 30°-52, low solar activity 107 = 70—82), summertime.

trations. During the nighttime, differences in theoretical es-The electron density profile for the altitude interval between

timations of both atomic oxygen and ozone concentration80 and 100km at 37°8\, geomagnetic latitude 49.8l,

Ann. Geophys., 30, 1345:36Q 2012 www.ann-geophys.net/30/1345/2012/
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emission (dashed lines) and total ionization rate (solid lines) for

29.07.1976, X=44.6.Modkl O -1d, 03-3d, HXO -51: =eeeeee NO-1a N eeeeee NO-1d . .
Medsl O-1d, 03 -3d, NO-1: o0 <1 o0 20w 29 July. 1976, solar zenith angle 44.6n the basis of NO-1a, 1 and
Model NO-1, H20-61,03-3 = = = 0-2d --mu-- 0-4 1d profiles.

Fig. 3a. Electron number density profiles from rocket experiments
(symbols) and the model (dashed and solid curves without sym- 100
bols). Solar zenith angles for the rocket data 305%°. Modeled

profiles are calculated for 29 July 1976, solar zenith angle®44.6
F107="70. o0 |

solar zenith angley = 35°, has been taken from Ginther *Ei 80 |-

and Smith (1975). Modeled electron density profiles have =

been calculated for 29 July 197, =44.6°, Fi07 =70

at 48.3 N, 45.6 E using all profiles of the minor neutral 0

species presented in Figs. 1la, 2a and b. Samples of the L

Ne(h)_-prOflleS CalCU|a_ted for Q-_ld’ &d (Flg 2a)’ HO- 60 lllT\uJ | AR A1 L I O M W

s1 (Fig. 2b), but for different nitric oxide profiles (1a, 1 and B2 161 1E+0  1E+1  1E+2  1E+3  IE+4  IE+5

1d), are shown in Fig. 3a by the short dashed lines. It can Q em s, Ne,em®

be seen that modeled values of electron density respond troket —s— 2007.19%,x=30 3 10081973, x=34

changes in the nitric oxide concentration only in the altitude {75 =702 s & = ve 5 "

interval between 68 and 85 km, since total ionization rate atRoket —j— 1408.196, X=1036 —e— 2508192, X=107 —ap— 081972 X=1076

these altitudes is mainly due to ionization of NO molecules " #7158 === : e

by Ly-« emission (Fig. 3b). The difference between NO con- Fig. 4. Electron density profiles measured at different solar zenith

centration for profiles 1a and 1d (Fig. 1a) in the altitude rangeangles under low solar activit§; g 7 = 67—85 (symbols). lonization

70-80km can reach an order of magnitude. This leads tdate (dashed lines) and electron number density (solid lines without

changes of electron number density of 2.8-3.5 times. At alti-Symbols) modeled for the same conditions on the basis of NO-1

tudes above 85 km, ionization near noon is produced mainhyProfile (Solomon etal., 1982).

by other lines of the solar spectrum (Fig. 3b) and variations

of NO concentration by factors 3—-5 does not change the mod-

eled values of electron density. low 70 km (red dashed lines). Above 70 km, both high (O-2d
In Fig. 3a the influence of water vapor and atomic oxygenprofile) and very low (O-4 profile) values of oxygen com-

concentrations on the electron number density are shown. Avared to O-1d profile, don’t change electron number density

decrease of water vapor concentration, by more than a factoat daytime. Changes of ozone concentration, betweenghe O

of 2 at all altitudes of the mesospherey(Bts1 and HO-w1l 3d profile and the @5 profile, do not influencé/e values at

in Fig. 2b) leads to an increase of electron number densityaltitudes above 70 km. Below 70 km, an increase of ozone by

only in the height range between 73 and 85km where the3—4 times leads to a decrease of electron number density by

water concentration changes by more than factor of 5. Anless than 1.3 times. The influence of ozone on electron den-

influence of atomic oxygen concentration (O-2d and O-4 insity is not shown in Fig. 3a. Comparing the summer mod-

Fig. 2a) on electron density is seen only at the altitudes beeled and experimental electron number densities, it can be
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Rocket, X=76-77: % 30.07.1976 4 20.08.1976 » 18.05.1964 @ 29.08.1984 4 17.07.1985 lonization rate by cosmic rays
K 18061985 © 17.07.1986 05081985 + 10061987 HK1507.1967 19081987 T T lonization rate of NO by Ly_alpha emission
06.08.1986, X=76, 17.8LT; Model: O -1d, 03-3d, HXO - s1: -

29.07.1976, X=44.6, F(10.7)=70,NO -1:

lonization rate of O2 by all sources of solar radiation

NO-1a NO -1 NO-1d Production rate of electrons in the lower ionosphere by all sources
. i . . 06.08.1986, X=76, F(10.7)=70, NO -1: =-=--~ lonization rate of NO by Ly_alpha emission
Fig. 5a. Electron number density profiles from rocket experiments = = = lonization rate of 02 by all sources of solar radiation

Production rate of electrons in the lower ionosphere by all sources

(symbols) and the model (solid curves without symbols) during
low solar activity. Solar zenith angles for the rocket data—a". Fig. 5b. Profiles of the ionization rate for 29 July 1976, solar zenith
Modeled profile is calculated for 6 August 1986, solar zenith angleang|e 44.8 (red lines) and for 6 August 1986, solar zenith angle

767, F1o7 =70 on the basis of different NO-1 profiles (solid lines) 7¢>'(plack lines) on the basis of the NO-1 profile (Solomon et al.,
(Solomon et al., 1982). 1982).

100 T TTTT T T TTIT T T TTTIT # A TTTI

seen that just the profiles of water vapor measured in summel L
(the HLO-s1 or BO-s2) and the daytime profile NO-1 are re-
quired in order to model electron density profiles which are
consistent with observations at= 30-50 during low solar -
activity. Below, all modelNg(h)-profiles for the sunlit sum- € o L
mer ionosphere are computed on the basis of the input O-1c<=
(Zadorozhny, 1982), ©3d (Rodrigo et al., 1986) andJ®- -
s1 (HALOE) profiles. 70 L
The ionization rates and corresponding electron density
profiles have been modeled for low solar activity at differ-

ent solar zenith angles (29 July 19%6= 30.4° and 44.6; 60 Ll oo i i
18 July 1984 = 76°; 14 August 1986y = 1036°) as the 1E+ 1E+2 1E+3_3 1E+4 1E+5
respective experimental rocket data were available (Fig. 4). Ne, cm
They are shown by dashed and solid lines. Experimental val- 06.08.196, X=76, F(10.7)=70 —— Model: -----. NO- 1

09.08.1989, X=76, F(10.7)=227 — Modkl: ----- NO-1 ——NO-3a

ues of electron density are shown by symbols. It can be seer
that the modeled values of the electron density reproduce ex-
perimentalNe values at all zenith angles. For daytime, the Fig. 6. Electron density profiles measured at a solar zenith angle of
NO-1, O-1d and @3d profi|es have been used as input into 76° for low and high solar activity and modeled on the basis of the
the model. For nighttimey = 1036°), the modeledVe(h) NO-1 and 3a profiles for the same conditions.

profile (black solid line ) has been obtained on the basis of

the O-1n, @-3n and NO-2 profiles.

13.06.1990, X=76, F(10.7)=202

In Fig. 5a eleven experiment&¥e profiles for summer Experimental data demonstrate that, under the same geo-
(June—August), measured during afternoon, at solar zenitiphysical conditions, electron number density in the lower
angles of 76—77, and during low solar activityKi1g7 = 67— ionosphere varies on a day-to-day basis. Differences between

85), are reproduced from a catalog of rocket data. The modesummerN, values can reach about a factor 2. The model is
Ne(h) profiles have been calculated for 6 August 1986 atable to explain such deviations at altitudes between 70 and
x = 76° on the basis of the NO-profiles 1a, 1 and 1d. It is 90 km by variations of NO concentration which are limited
noted that at this zenith angle, considerable influence of NCby the NO-1 and the NO-1d profiles (Solomon et al., 1982).
on electron production rate (black lines in Fig. 5b) and elec- Electron density profiles measured after noon, at so-
tron density is seen at the altitudes between 70 and 95km. lar zenith angle 7§ but for different solar activity
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Fig. 8. Profiles of the ionization rate of nitric oxide by Ly-emis-
sion (dashed lines) and total ionization rate for 6 August 1986 and

Fig. 7. Electron number density profiles measured in summer - ) }
20 February 1985 (solid lines) on the basis of NO-1 profile.

(6 August 1986, solar zenith angle °76 197 = 70) and in win-
ter (20 February 1985 and 13 January 1986, solar zenith angle 76
F107 =70 and 76.8). Electron densities modeled on the basis of
the HO-s1 (summer), HO-w1 (winter) and NO-1a, 1, 1c and 1d mer is used; for the winter ionosphere — thgOHw1 profile.
profiles (dashed lines). In the both cases, the best agreement between modeled and
experimental data is obtained for the NO-1 profile.
In Fig. 8 quantitative estimations of the ionization rates

(6 August 1986,F107 = 70; 9 August 1989 F197 = 227, calculated for summer and winter on the basis of the NO-
13 June 1990F107 = 202) are shown in Fig. 6 with solid 1 profile are shown. lonization rate profiles coincide at alti-
black, red and blue lines. Electron number densities differtudes above 80 km and have small differences below 80 km.
from each other. For minimum and maximum activity, the It is evident that ionization rates are not the reason for the
difference betweel, values at altitudes 68 - 82 km is about large discrepancy between summer and winter modaled
a factor 2. Samples of modeled, profiles calculated for profiles. The model describes seasonal differences in experi-
corresponding conditions on the basis of the daytime NO-1Imental values of electron density via meteorological factors.
profile are shown with short dashed black (low activity) and The efficiencies of the hydration chains of N@nd q us-
short dashed red (high activity) lines. For low solar activity, ing water vapor profiles $D-s1 and HO-w1 are shown in
the modeled and experimentsl profiles are in rather good Fig. 9a and b. In winter the efficiency of both hydration chan-
agreement. The maximum deviations between them, of a facrels, B(NO*) and B(O3), is significantly less than in sum-
tor of 1.4-1.3, are seen at altitudes between 75 and 82 km. Imer. Because of the increase of mesospheric temperature in
order to reproduce experimental data between 70 and 80 krwinter (the MSIS model giveaT = 15-38K in the range
during high solar activity, higher NO concentrations between75-90 km), the absolute vaIuesBxfOér) at altitudes of about
70 and 80km are required than during low solar activity, 80 km are 4 times less in winter than in summer. BENO™)
in agreement with both theoretical models of NO (e.g. Shi-the difference between winter and summer values is up to 13
mazaki and Laird, 1972) and experimental data (HALOE). times. Seasonal variations in the water vapor have additional

Figure 7 shows how experimental and modeled electroreffects on the efficiencies of cluster formation and the elec-
density profiles respond to season changes. The electroimon number density. The joint effect of seasonal changes in
density profiles have been measured after noon, under simtemperature and water vapor leads to an increase of the elec-
ilar geophysical conditions but in different season, i.e. intron number density by up to 2.4 times at 75km and up to
summer (6 August 1986; = 76°, F1g97 = 70) and in win- 4 times at 80 km during winter, i.e. to the same seasonal dif-
ter (20 February 1985y = 76°, Fi97 =76.7 and 13 Jan- ferences in the model values of electron density which are
uary 1986,x = 76°, Fig7 = 76.8). Seasonal differences in observed in experimental data. Seasonal variations of effec-
the electron density are rather pronounced. Electron densityive recombination coefficient are shown in Fig. 10 (black
measured on 20 February 1985 exceeds summer values byaad red solid curves).
factor of 2.4 at 75 km and by a factor of 3.6 at 80 km. For both  The electron density measured on 13 January 1986 ex-
days, modeled electron density profiles have been calculatedeeds the summeYe values by a factor of 2.9 at 75km and
for all NO profiles represented in Fig. 1a. For the summerof 5.5 at 80 km. The model is not able to describe such large
ionosphere the water vapor profile®-s1 measured in sum- differences in electron density by regular seasonal changes
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lines) and larger than 10qdashed lines).
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Fig. 11.Electron number density profiles measured in winter at so-
of the water vapor concentration and the neutral atmospher&r zenith angles 76-77 F1g7 = 67-85 (dashed lines). Electron
temperature. In such cases higher concentrations of nitriglensity profiles modeled for 20 February 1985 on the basis of the
oxide are required in order to produce additional electronN©-1a, 1 and 1d profiles (solid lines).
density.

Figure 11 demonstrates variability in electron number den-

sity from day to day in the winter ionosphere. It is much characterized by temperature variations during each season,
more pronounced than in summer (Fig. 5a). The model cal-due to gravity and planetary waves, atmospheric tides and
culations show that it might be caused by variations of NOother factors (Hauchecorne et al., 1987; Aikin et al., 1991,
concentration (3 solid curves in Fig. 11). It should be notedYu et al., 1997; States and Gardner, 1998; Shepherd et al.,
that, in winter, the required concentrations of NO lie inside 2001). Significant (up tat30K) and irregular temperature

a wider range of values, between the NO profiles 1a andluctuations are observed often especially in the winter meso-
1d, compared to summer NO concentrations. On the othesphere (Theon et al., 1967; Shepherd et al., 2001). This phe-
hand, it is known that, apart from regular seasonal changes afiomenon is known as the winter anomaly (Aikin et al., 1977;
the neutral atmosphere temperature, the mesosphere is al§€ffermann, 1979). They might also be responsible for large
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variability of electron number density on winter days. Since %0
individual temperature profiles can significantly differ from
the mean temperature profiles provided by the MSIS model,
the role of each factor (NO oA T) in formation of N pro- B
files in the daytime winter ionosphere can be understood only
by detailed studies using real temperature profiles of the win-g
ter mesosphere. Influence of atomic oxygen concentration
on the electron number density in the winter ionosphere is
shown by two dashed red lines.

Figure 12 shows electron density profiles measured in the

T T TTTTIT T T TTTTIT * *III]
.

80 -

winter ionosphere at solar zenith angles in the range of 100- *i"' *

11¢ dUring low solar aCtIVIty Calculations of the modeled 70 Lo Lo L
electron density profiles have been made on 15 January 198€ 1E+0 1E+1 1E+2 1E+3
(x =108, Fi07=77.7), using different night profiles of Electron density, cm

atomic oxygen, ozone and nitric oxide. The modeled pro- poger, x=100-110: 32001182 #2011 05011584 % 1502.1%4
file that is very close to the experimental values has been e 23021984 +05.121984 o 12121984, % 1501.1986 4 29.01.1986
obtained on the basis of the O-1n3-Bn and NO-2 profiles. 15.01.1986, X=108. Mockl: NO- 2, 0~ 1n, 03 -3n, H20 -W1

This modeledVe(h) profile and theNe(h) profile calculated . . ) -

for 14 A 1986 ay — 1036° (Fig. 4). h b d Fig. 12.Electron number density profiles measured in winter at so-
or ,UQUSt a,t B ( Ig: ), ave_ _een use _to lar zenith angles 106-11C°, F197 = 67-85 (lines with symbols).
determine the effective recombination coefficients at night-gjectron density modeled for 15 January 1986 at solar zenith angle
time in the winter and summer ionosphere (black and redy g, F107 = 77.7 (black solid line).

dashed curves in Fig. 10). It can be seen, that the model pro-

vides strong dependence of effective recombination coeffi-

cient on both season and solar zenith angle.

of NO concentration on electron number density extends to

100 km (Fig. 5a).
5 Discussion and conclusion It has been demonstrated that if water vapor concentration

at all altitudes of the mesosphere decreases by more than a
Modeled ionization rates and electron number density, basethctor 2, significant increase of electron number density takes
on different profiles of minor neutral constituents (NQM place only in the height interval between 73 and 85 km and
O and @), covering a broad range of values, have been prethen only if the water concentration at these altitudes changes
sented in this study. Correct estimation of the role of the ni-by more than a factor 5. In the sunlit ionosphere, influence of
tric oxide concentration in formation of the electron density atomic oxygen and ozone concentrations on electron density
profile depends, first of all, on accurate calculations of theis seen only at altitudes below 70 km. A change in the atomic
ionization rate. In Fig. 5b the ionization rates provided by oxygen concentration at 65 and 60 km by a factor of 10 leads
different solar sources at zenith angles 446d 76; more-  to changes in the electron density by a factor of 1.5 and 2.3,
over, cosmic rays are shown. The model calculations conrespectively. The effect of the change of ozone concentra-
firm that NO molecules ionized by Ly-emission are the tion is less significant. The model describes this altitude-
major source of electrons and positive ions in the quiet sunlitdependent response of electron density to changes of water,
D-region. The height interval where the ionization rate pro- atomic oxygen and oxygen in the frame of the ion-chemical
duced by Lye is dominant depends on both the NO con- model through the participation of these species in the ion-
centration (Fig. 3b) and solar zenith angle (Fig. 5b). Nearmolecular reactions.
noon (x = 44.6°), the contribution of the Lyx emission to Comparison between experimental and model electron
the electron production rate is the largest between 68 andensity profiles, calculated in each individual case under the
85 km. Calculations using a wide spectrum of NO concentra-same conditions (date, time, latitude, longituge, F10.7),
tions as model input, from minimum (the NO-1a profile) to demonstrates that the model is able to reproduce the elec-
maximum (the NO-profile 1d or 3a) values, demonstrate thatron density profiles in the quiet summer and winter iono-
the difference between the minimum and maximum valuessphere on the basis of NO profiles which are inside the range
of the ionization rate at 68—85 km might be up to a factor 10of available NO values. On summer days, during low so-
(Fig. 3b). Differences between the maximum and minimumlar activity, the profile NO-1 provides coincidence between
values in the electron number density caused by NO variamodel and experimental data for most of the cases consid-
tions are of the order of 2.8-3.5 times (Fig. 3a). When theered. In order to keep agreement between the modeled and
solar zenith angle increaseg £ 76°) and the contribution ~measured electron density profiles during high solar activity
of the Ly-w emission to the electron production rate becomes(F1g7 = 200—220) the number density of nitric oxide below
significant over a wider height range (Fig. 5b), the influence80 km should be higher than during low7 = 70) activity
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by 3-4 times (Fig. 6). This corresponds to both statistical99°, under steady state conditions. Modeled electron density
data on NO concentration in the upper mesosphere obtaineprofiles have been evaluated by comparison with experimen-
from the satellite measurements for different levels of thetal profiles available from the rocket measurements made in
solar activity and the conclusions deduced from diffusion Volgograd region (485N, 45.6 E).
photochemical models. The model calculation shows that de- We have shown that our theoretical model for the quiet
viations (by a factor 2) in experimental summ¥g values  lower ionosphere is quite effective in describing variations in
at altitudes 70-90 km can be stipulated by changes of NQonization rate, effective recombination coefficient and elec-
concentration which are limited by the NO-1 and the NO-1d tron number density as functions of solar zenith angle, solar
profiles. activity and season (fdf and HO). The profiles O-1d or O-
Large variability in experimental winte¥, values can be  2d, and @-3d (Fig. 2a) can be used to model electron density
caused both by strong variability of NO concentration andin the sunlit ionosphere. The profiles@-s1, s2, and bD-
strong fluctuations of the temperature in the winter meso-wl (Fig. 2b) are suitable for modeling in the summer and
sphere. Available NO profiles (between the NO-1a and thewinter ionosphere, respectively. The NO-1 profile (Solomon
NO-1d) might explain deviations in experimental values of et al., 1982) gives the best values of electron density in the
electron density above 70 km (Fig. 11). On other hand, be-daytime summer ionosphere during low solar activity and the
cause of the strong inverse dependence of the” Ni§dra- NO profiles with higher NO concentrations give the best val-
tion channel efficiency on temperature, frequent and largaues during high solar activity. For modeling in the daytime
temperature oscillations in the winter mesosphere might beavinter ionosphere the range of applied NO profiles is rather
also responsible for observed deviations in electron densitywide. The modeling of the ionospheric parameters on winter
The real temperature profiles can significantly differ from days is less successful than for summer conditions.
the MSIS profiles, especially in the region of the mesopause. The results presented in this study are based on a theoreti-
Positive fluctuations of temperature decrease the cluster ionsal model for the lower ionosphere which is relatively simple
formation rate and effective recombination coefficient, andcompared to the models on a planetary scale which include
the electron density can increase by several times, dependingeveral hundred chemical reactions, dozens of ions, electro-
on the altitude, compared to an average winter day, and vicelynamics of plasma, neutral constituents chemistry, plasma
versa. In order to understand the role of each factor (NO orand neutral wind dynamics, optics and etc. (Kull et al., 1997;
AT) in formation of theN, profile, it is necessary to incorpo- Verronen et al., 2002; Kazil et al., 2003; Enell et al., 2011).
rate the real temperature profiles into the model. In this cas@ he complex models are extremely important for detailed re-
the possibility appears to determine which height profiles ofsearch of ionosphere and magnetosphere physics. Along with
nitric oxide are the most appropriate for the mesosphere otntheir undeniable merits, they have also intrinsic limitations.
winter days. First of all, the limitations may be associated with inadequa-
Due to realistic assumptions concerning the dependenceies in the reaction rate constants and the uncertainties of
of the main cluster ions formation processes on temperaturesome chemical reaction paths included in the detailed ion and
the model is able to explain regular seasonal variations in th@eutral chemical schemes. One of the goals for construction
electron number density and effective recombination coeffi-of the “simple” models is to avoid such problems by means
cient (Figs. 7 and 10) in terms of temperature and water vapoof reasonable simplification of the ion-molecular processes
seasonal variations. scheme. In addition, the complete and simple models may
The theoretical model for quiet lower ionosphere has beerfulfill different tasks. For example, the simple model having
applied to compute ionization rate and electron density pro-incorporated the appropriate minor neutral constituents pro-
files in the summer and winter D-region. In order to mini- files (NO, O, @, H2O, Ox(1Ag), NO,, COp) will allow more
mize possible errors in estimation of ionization rates by solaraccurate modeling of electron and ion densities in a given
electromagnetic radiation and obtain the best values of elecgeophysical situation, without the need to apply complete
tron density, each wavelength range of the solar spectrum hamodel calculations of all neutral species. In addition, the sim-
been divided into several intervals and the relation betweerple model may be applied to solve the inverse tasks. It may
the solar radiation intensity at these wavelengths and the sgsrovide the kernel for spectra recovering methods and tech-
lar activity indexF .7, deduced by Nusinov (1992), has been niques, for example, deducing flux-energy spectrum of elec-
implemented. The lack of reliable data on the height distribu-trons precipitating into the polar ionosphere from ground-
tion of minor neutral constituents in the mesosphere is also dased or rocket measurements of electron density profile (Os-
problem for reasonable estimation of the ionospheric paramepian and Kirkwood, 1996; Osepian and Smirnova, 1997).
eters in the quiet ionosphere. In this study we have examinedhe model can be used for estimations of minor neutral
the influence of minor neutral species concentration on thespecies concentration in the mesosphere under quiet or dis-
ionization balance at different altitudes of the D-region andturbed conditions on basis of available experimental electron
the response of the model@& (/) profiles to changes in so- density profiles. This type of model can provide the quick
lar zenith angle, solar activity and season. Calculations havénformation needed for calculation and forecasting of radio
been made at solar zenith angles less th&ra®8d more than  waves propagation in a wide range of frequencies in various
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Table Al. Rate constants for the positive ion reactions3smt (Smirnova et al., 1988).

" 1.8 x 10-28(300/ T)*7 K> 3.0x10°10

ro 2.0 x 10731300/ 744 K3 1.0x 10710

r_o 1.5 x 1087 ~54exp(-2450/T) Ky 22x 1079

r3 1.0x 1079 ks 44x10°10

ra 1.0x 1079 ke 1.0x 10717

rs 7.0 x 10739300/ )3 V1 8.0 x 10731300/ )44
r_s 3.1x 1047 4exp(—4590/T) «(03) 2.0x 1077300/ T)
re 1.0x 1079 a(NOT)  4.0x1077(300/T)
7 1.0 x 10-27(300/ T)*4 a(ClH) 2.0x10°6

K1 2.4 x 10730300/ 732 a(cé) 1.0x 1075

K_1 1.8x1075(300/T)*2exp(—5600/T)

Table A2. Rate constants for the negative ion reactions3smt ~ d[O;1/dt = (B1[O2]? + B2[021[N2]) - Ne + Bg[O][CO; |

(Smirnova et al., 1988). —(B(0y) + 283[0] + ,34[02(1Ag)]
B1 L14x1072%300/T).exp(—600/T) frp 4.0x 10-3%300/T)5 +p1+a-NF)-[05]
B2 1.0x 10731 Bi3  2.0x 10729300/ T)°

15x 10710 6.0x 10710 _ _ _
f;j 2,0).(10-10 féig 9.0 10f31(300/T)5 d[O7]/dt = Bs[Oz] - Ne+ B3[O][O; ] + Bo[CO53 1— (B[Ol
Bs 9.1x 10,*12(309/T)*1~46 f1s 31x 10#28(3100/ T)° +B7[02( Ag1+ p2+ BO7) +a;-NT)-[07]
Be 19x 10710 B17 53x 10710
B7 2.0x 10710 o1 0.33 a B B B B
Bs 11x10°10 02 1.4 , d[CO5]/dt = B(O,) [0, 1+ B(O7) - [O7]—(Bs[O] + B
0.15 15% 10™ _

o Linio B aoa +B10[NO] + B11[NO2] + ¢ -N¥) - [CO5 |
B11 2.0x10°10

d[NO31/dt = (B1oINO] + B11[NO2]) - [CO; ]

: L , —(p3+ai-NT)-[NOg]
geophysical conditions, i.e. they can be used for any certain
practical purpose. The efficiencyB(NO™) of the channel NO — NO*-(H20)

is given by the following expression:

. N 2
Appendix A B(NO™) = [H50] <r1[N2] N r2[N2]r4 rG[Hzor]e; AT
lon chemistry model 2
N C
| | | | rs[CPy][Ny] + 22781 CC2] (A1)
A block diagram of the ion-chemical model of the D-region ¢

is illustrated by Smirnova et al. (1988) in Fig. 1. Equations .
for computingyreaction rates for( posit?ve an% neg;tive ions"Wherec = r_5[N2] +rs[COz] +r4[H20]. Reaction rate con-
are given below: s?ants.'vl, r2, r—2, rs andr_s depend on temperature and are
given in Table Al.
d[Of1/dt = Q(OF)—(ks[NO] + kg[N2] + B(OF) The efficiencyB(0?*) of the channel Q9 — 05 -(H20) is
+0(03) - Ne+a;-N7)-[0O5 ]
K1[02]% + v1[N2]?

B(03)=+
[O]4+K3[02(1A8)]+K_1[07]
d[NO"]/dt = Q(NO") + (ks[NOJ + kg[Na]) - [OF ] e+l

—(B(NO") +a(NO") - Ne+aj-N7)-[NOT]

(A2)

whereK1, K_1, Ko, K3, and K4 are the reaction rate con-
stants given in Table Al. The constarks, K_1 andv; de-
d[CI{]/dt = B(O3) - [03 14 B(NO™) - INO"]—(r7[H20][N2] pend on temperature.
+a(CIf) Ne +a;-N7)- [le] EffICIenCIe_S of thet_:hanne_lsEO—> 03,0, CO4_ — ('ZO3
and 0" — O3 — COj are given by the expressions:

d[CI31/dr=r7[H201[N2][CI{ 1—(a(CI}) - Ne+ai -N7) - [CI3]  B(0;)=B12(021 + B13[021[CO2] + B14[Os] (A3)
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