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Abstract. This paper presents the results of evi-

dence-based calibration of a new semi-empirical method 

for studying the D-layer aeronomy. We use simultane-

ous measurements of altitude profiles of electron densi-

ty Ne(h) and ionization rate q(h) under disturbed condi-

tions (case 1) and mean <Ne > under various heliogeo-

physical conditions at low (LSA) and high (HSA) solar 

activity (case 2). The experimental data and methods are 

described in detail. It is shown that it is necessary to 

include temperature dependences of rate constants T(h) 

for all heliogeophysical conditions. Care should be tak-

en when choosing the T(h) distribution with due regard 

to most of known factors having an effect on it, wherev-

er possible. We draw a conclusion on the practicability 

of the use of new photodetachment rates that depend on 

the solar zenith angle and h. The unknown dissociative 

recombination rate for cluster positive ions and the pho-

todetachment rate can be reasonably considered as free 

parameters, of course within due limits. Under disturbed 

ionospheric conditions, the evidence shows a fall in Ne 

at all altitudes h when q≈(1.3÷2)⋅10
2
 cm

–3
s

–1
 with fur-

ther increase in the parameters with q, which is con-

firmed by calculations using the semi-empirical model, 

yet for a wider range of q variations. The theoretical 

model that explains the aforementioned effect is the 

subject of future study. The results for dayside <Ne> 

coincide qualitatively with our knowledge on the behav-

ior of aeronomy parameters in the D layer. The studies 

suggest that the presented method allows qualitative 

estimations under all heliogeophysical conditions and 

even wholly satisfactory quantitative estimations under 

disturbed ionospheric conditions. 

Keywords: lower ionosphere, missile launch, aero-

nomy, inverse problem. 

 

 

 

 

INTRODUCTION 

A semi-empirical approximate method [Kozlov et 

al., 2022] has been proposed to address and examine 

some important issues of aeronomy of the ionospheric 

D-region at different latitudes and under different helio-

geophysical conditions. It allows us to identify many 

ionospheric features in the altitude range h~50–90 km, 

using the only experimental parameter — the altitude 

electron density profile Ne(h). 

In the second part of the study based on experi-

mental data, we present the results of calibration of the 

method, which is a fairly simple mathematical model. 

For this purpose, we employ experimental data from 

[Whitten et al., 1965; COSPAR, 1972], derived from 

simultaneous measurements of Ne(h) and atmospheric 

ionization rates q(h) under conditions of artificial and 

natural disturbances of the D-region. Unfortunately, 

such data is very rare. This may be due to great difficul-

ties in organizing and conducting experiments such as 

[Whitten et al., 1965; COSPAR, 1972; Kozlov, 2021], 

as well as similar ones [Kozlov, Smirnova, 1992a, b; 

Haerendel, Sagdeev, 1981; Avdyushin et al., 2007]. 

These experiments require simultaneous measurements 

from satellites, missiles, and with various ground-based 

instruments for D-region diagnostics. We therefore also 

use empirical mean Ne(h) [Danilov et al., 1991; Danilov 

et al., 1995; Becker, 2018]. 

In all cases, calculations are assumed to be in satis-

factory agreement with the experiment if q(h) and Ne(h) 

are simultaneously within the instrumental measurement 

precision. According to [Swider, Dean, 1975; Kozlov et 

al., 2022], such precision for the electron density de-

pends on Ne(h): at Ne(h)≥10
3
 cm

–3
, it is ±30 %; and fac-

tor 2 at Ne(h)<10
3
 cm

–3
, q(h) ±50 %. When calculations 

and experiment do not meet the above requirement, an 

attempt is made to improve the calculations by varying 

unknown or poorly understood model parameters [Ko-

zlov et al., 2022]. 

 

1. BASIC EQUATIONS, 

SIMULATION TECHNIQUE, 

INITIAL CONDITIONS 

Let us introduce the following designations: 

1K X     2X  
   is the total concentration of prima-

ry  1 2OX    and cluster 2X  
   negative ions; 

e 1 2A K N X X            is the condition of medi-

um electroneutrality; 1 ,X  
  2X  

   are concentrations 

of primary and cluster positive ions. All these parame-

ters obviously depend on h. Basic equations are 
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where αd1, αd2 are constants of rates of dissociative re-

combination of 1X  
   and 2X  

   with electrons; I1, I2 

are rates of photodetachment from 1X  
   and 2X  

   

under the influence of solar radiation; β is the constant 

of rate of electron attachment to O2 in triple collisions; 

   
2

210 31

O 3 26 10 O 4 10 OB      is the rate of conver-

sion of 2O  to 2X  
  ; NOB   is the effective rate of con-

version of 1X  
   to 2X  

   defined by Equations (17) or 

(18) from [Kozlov et al., 2022]; C=BO2+I1+αd1A; 

D=I2+αd2A. The above equations have been derived in 

[Kozlov et al., 2022] (quasi-stationary conditions). Self-

consistency of Equations (1)–(4) have been confirmed 

by numerous calculations from the chain 

e0 e0N K q A N     (5) 

at arbitrary Ne0 at all altitudes under various heliogeo-

physical conditions. 

Other known parameters characterizing the D-region 

are calculated from the following equations 
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Effective recombination coefficient 
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The calculation method for experimentally obtained 

Neexp and qexp is as follows. Substituting Neexp in (1) and 

(2), and qexp in (3) and (4), we determine model values 

qm and Nem. Then, we check the calculations for accura-

cy, using the following equations 

exp m

m

,
q q

q
q


   (11) 

e eexp m

e

em

.
N N

N
N


   (12) 

The conclusion that the calculations agree with the 

experiment is consistent with the logic outlined in Intro-

duction. 

Using mean experimental values for eexp
N  , pro-

posed in [Danilov et al., 1991; Danilov et al., 1995; 
Friedrich, Torkar, 2001; Friedrich et al., 2018; Becker, 
2018] for inclusion in deterministic (IRI type, etc. [Bek-
ker et al., 2021; Ivanov-Kholodny, Mikhailov, 1980]) or 
statistical (see [Kozlov et al., 2014; Becker, 2018]) ion-
osphere models, yields only qm. Unfortunately, assess-
ment of the qm quality is difficult and possible only 
when the values are compared either with general phys-
ical knowledge about the behavior of the ionization rate 
of the atmosphere depending on latitude, altitude, time 
of day, season, solar and magnetic activity, or with theo-
retical computations of q. Obviously, such assessments 
are purely qualitative. Nevertheless, in some cases they 
allow us to state some views about improving the semi-
empirical method. 

The initial (primary) calculation under all heliogeophysi-

cal conditions is as follows: 1 0.33I  s
–1

, 2

2 4 10I   s
–1

 

(at night, I1 =I 2 =0), 7

d1 2 10   cm
3
 s

–1
, 

6

d2 2 10   cm
3
 s

–1
, 304 10    cm

6
 s

–1
 (mean value for 

the altitude range 50–85 km for variations in the neutral gas 

temperature T with increasing h); conversion rates NOB   

depending on [N2], [H2 O], [CO2], and T were found from 
Equation (17), derived in [Kozlov et al., 2022]; whereas 

O2B  , determined by [O2] and [O3], from the above relation; 

[O2], [N2], T, and minor neutral components of [H2O], 
[CO2], [O3] were estimated based on statistical processing 
[Bekker, 2018] of numerous experimental data from the 
American satellite AURA for 2004–2018. The time of day is 
related to the solar zenith angle χ primarily as function of 
latitude and h. 

 

2. ANALYSIS OF EXPERIMENTAL 
DATA 

The experiments performed at the Canadian field 
test site Fort Churchill (58.9° N, 265.8°E) during solar 
proton events (SPEs) on November 2–5, 1969 are well 
known [COSPAR, 1972] (see also their analysis and 
interpretation in [Swider, Dean, 1975; Sellers, Stroscio, 
1975; Swider, 1977; Swider et al., 1978]). While simul-
taneous measurements of q and Ne [Whitten et al., 1965] 
were the first in geophysics, they are less known. In 
addition to the above work, the results were discussed in 
two more papers: [Swider et al., 1971] concerning esti-
mations of αeff, and [Kozlov, 1971], where an attempt 
was made to determine the self-consistency between 
measured qexp and Neexp, using the criterion of medium 
electroneutrality and a photochemical model, which was 
rather complex at that time. The model included four 

positive ions: 2 ,N 
 2O , NO

+
, O

+
; five negative ions: O

–
, 

3O , 3CO ,

2O , 2NO ,
, and Ne. This situation might have 

arisen due to the fact that the measurements [Whitten et 
al., 1965] were made under conditions of a very specific 
artificial impact on the ionosphere [Kozlov, 2021] — 
one of the high-altitude nuclear explosions (HANE) 
carried out by the United States over the Pacific Ocean 
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at night in 1962. The authors indicated only that the 
ionization source was created by β products of nuclear 
fission, but did not give information on power, height of 
the explosion, distance from ground zero, and meas-
urement time of qexp and Neexp after the explosion. Nev-
ertheless, the use of data from [Whitten et al., 1965] for 
model calibration is in no doubt since a detailed descrip-
tion of the disturbance source and the conditions for 
obtaining experimental results is, of course, desirable, 
but is not a major obstacle to elaborating the model 
[Kozlov, 2021; Kozlov et al., 2022]. 

Table 1 provides a general description of missile 
launch conditions for the experiments described above 
[Swider, Dean, 1975; Whitten et al., 1965]. All launches 
during SPEs were performed at moderate solar activity 
F10.7=105 and high magnetic activity Ap>25. The val-
ues of F10.7 and Ap  during the nighttime HANE are 
unknown. We can only note that in 1962 there was a 
declining phase of solar activity in the 11-year cycle. 
Note also that if the heights ΔH=50÷85 km are not sun-

lit, it is very likely that measurements of qexp and Neexp 
during HANE under the influence of β electrons of nu-
clear fission propagating along magnetic field lines 
were performed in the nearest magnetically conjugate 
point. 

Simultaneous measurements of Neexp(h) [Swider, 

Dean, 1975; Nesterova, Ginzburg, 1985] and qe(h) 

[Swider, Dean, 1975], obtained during missile launches, 

are shown in Table 2. Note that there are few cases (~6 

%) when Neexp<10
3
 cm

–3
, and the measurement precision 

is low (see above). Table 1 also lists Neexp and qexp ob-

tained during HANE. 

From the well-known relation [Kozlov, 1971] 

 
2 2

exp d1,d2 eexp
1 ,q N    (13) 

assuming that αi≈α d1 and αi≈αd2 and using experimental 

data, we additionally calculated 

 

Table 1 

General characteristic of missile launch conditions 

Conditional 

launch  

number 

Date Local time 
Solar zenith 

angle 

Time of day 

on the Earth surface 

Measurement range 

measurements 

ΔH (km) 

Time of day 

at altitudes 

ΔH 

1 
November 02, 

1969 
15:10 83° day 44–105 day 

2 
November 03, 

1969 
06:57 96° Dawn 64–105 day 

3 
November 03, 

1969 
07:30 92° Dawn 60–112 day 

4 
November 03, 

1969 
12:54 75° day 56–108 day 

5 
November 04, 

1969 
15:30 85° day 54–103 day 

6 
November 04, 

1969 
16:38 93° dusk 57–108 day 

7 1962 no data no data night 50–80 night 

Note. No. 1–6 — SPE, No. 7 — HANE. 

Table 2 

Experimental data with simultaneously measured ionization rate and electron density 

       h, km 

Launch  

No., 

parameter 

50 55 60 65 70 75 80 85 

1 

Neexp 1.5·103 5.1·103 1.1·104 1.5·104 1.7·104 1.7·104 2.3·104 4.8·104 

qexp 9.0·102 1.0·103 8.0·102 6.3·102 4.0·102 3.0·102 2.0·102 1.3·102 

αexp ·105 40.54 3.86 0.65 0.29 0.13 0.10 0.04 0.01 

λexp 
αd1 44 13 4.7 2.8 1.6 1.3 0.35  

αd2 13 3.4 0.80 0.21     

Kexp 
αd1 6.6·104 6.6·104 5.2·104 4.1·104 2.7·104 2.2·104 8.1·103  

αd2 2.0·104 1.7·104 8.9·103 3.0·103     

Aexp 
αd1 6.7·104 7.1·104 6.3·104 5.6·104 4.5·104 3.9·104 3.2·104 4.8·104 

αd2 2.1·104 2.2·104 2.0·104 1.8·104 1.7·104 1.7·104 2.4·104 4.8·104 

2 

Neexp – – 1.1·102 4.9·102 2.5·103 6.9·103 1.7·104 2.4·104 

qexp 1.3·102 1.9·102 1.5·102 1.9·102 1.9·102 1.9·102 1.9·102 1.9·102 

αexp ·105 – – – 80.77 3.02 0.39 0.07 0.03 

λexp 
αd1 – – – 63 11 3.4 0.86 0.27 

αd2 – – – 19 2.9 0.39   

Kexp 
αd1 – – – 3.0·104 2.8·104 2.4·104 1.4·104 6.6·103 

αd2 – – – 9.3·103 7.2·103 2.8·103   
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       h, km 

Launch  

No., 

parameter 

50 55 60 65 70 75 80 85 

Aexp 
αd1 – – – 3.1·104 3.1·104 3.1·104 3.1·104 3.1·104 

αd2 – – – 9.7·103 9.7·103 9.7·103 1.7·104 2.4·104 

3 

Neexp – – 1.7·102 1.9·103 5.0·103 8.7·103 1.5·104 2.6·104 

qexp 1.3·102 1.9·102 1.5·102 1.9·102 1.9·102 1.9·102 1.9·102 1.9·102 

αexp ·105 – – 507.03 5.05 0.75 0.25 0.08 0.03 

λexp 
αd1 – – 1.6·102 15 5.1 2.6 1.1 0.17 

αd2 – – 49 4 0.94 0.13   

Kexp 
αd1 – – 2.7·104 2.9·104 2.6·104 2.2·104 1.6·104 4.4·103 

αd2 – – 8.5·103 7.8·103 4.7·103 1.1·103   

Aexp 
αd1 – – 2.7·104 3.1·104 3.1·104 3.1·104 3.1·104 3.1·104 

αd2 – – 8.7·103 9.7·103 9.7·103 9.7·103 1.5·104 2.6·104 

4 

Neexp – 1.7·103 3.3·103 4.6·103 7.2·103 1.5·104 3.4·104 4.7·104 

qexp 8.0·101 1.0·102 9.0·101 1.0·102 1.2·102 1.2·102 1.2·102 1.3·102 

αexp ·105 – 3.27 0.81 0.47 0.23 0.05 0.01 0.01 

λexp 
αd1 – 12 5.4 3.9 2.4 0.60   

αd2 – 3.0 1.0 0.54 0.08    

Kexp 
αd1 – 2.1·104 1.8·104 1.8·104 1.7·104 9.2·103   

αd2 – 5.3·103 3.4·103 2.5·103 5.6·102    

Aexp 
αd1 – 2.2·104 2.1·104 2.2·104 2.4·104 2.4·104 3.4·104 4.7·104 

αd2 – 7.1·103 6.7·103 7.1·103 7.7·103 1.5·104 3.4·104 4.7·104 

5 

Neexp 1.5·102 4.8·102 1.4·103 2.7·103 3.6·103 4.8·103 8.3·103 1.1·104 

qexp 1.0·101 1.5·101 2.0·101 2.2·101 2.5·101 2.5·101 2.5·101 2.5·101 

αexp ·105 – 6.51 1.01 0.30 0.19 0.11 0.04 0.02 

λexp 
αd1 – 17 6.1 2.9 2.1 1.3 0.33 0.02 

αd2 – 4.7 1.2 0.23     

Kexp 
αd1 – 8.2·103 8.6·103 7.8·103 7.6·103 6.4·103 2.8·103 1.8·102 

αd2 – 2.3·103 1.8·103 6.2·102     

Aexp 
αd1 – 8.7·103 1.0·104 1.0·104 1.1·104 1.1·104 1.1·104 1.1·104 

αd2 – 2.7·103 3.2·103 3.3·103 3.6·103 4.8·103 8.4·103 1.1·104 

6 

Neexp – 3.6·102 6.8·102 2.0·103 3.9·103 4.4·103 7.4·103 1.2·104 

qexp 1.0·101 1.4·101 1.9·101 2.0·101 2.3·101 2.3·101 2.3·101 2.3·101 

αexp ·105 – – 4.21 0.48 0.15 0.12 0.04 0.02 

λexp 
αd1 – – 14 3.9 1.7 1.5 0.45  

αd2 – – 3.6 0.54     

Kexp 
αd1 – – 9.1·103 8.0·103 6.8·103 6.4·103 3.3·103  

αd2 – – 2.4·103 1.1·103     

Aexp 
αd1 – – 9.7·103 1.0·104 1.1·104 1.1·104 1.1·104 1.2·104 

αd2 – – 3.1·103 3.2·103 3.9·103 4.4·103 7.4·103 1.2·104 

7 

Neexp 1.3·103 3.4·104 5.0·104 8.0·104 2.4·105 2.7·105 1.4·105 – 

qexp 7.0·104 1.3·105 1.36·105 1.15·105 9.2·104 7.0·104 4.0·104 – 

αexp ·105 4142.01 11.25 5.44 1.80 0.16 0.09 0.21 – 

λexp 
αd1 4.5·102 23 15 8.5 1.8 1.2 2.3 – 

αd2 1.4·102 6.5 4.2 2.0   0.03 – 

Kexp 
αd1 5.9·105 7.7·105 7.7·105 6.8·105 4.4·105 3.2·105 3.1·105 – 

αd2 1.9·105 2.2·105 2.1·105 1.6·105   4.4·103 – 

Aexp 
αd1 5.9·105 8.1·105 8.2·105 7.6·105 6.8·105 5.9·105 4.5·105 – 

αd2 1.9·105 2.5·105 2.6·105 2.4·105 2.4·105 2.7·105 1.4·105 – 

 

Table 3 

Altitudes h' at which λ=1 for different αd1 and αd2 

Launch number 1 2 3 4 5 6 7 

h' (αd1) 76.6 79.9 80.5 73.9 76.5 77.4 – 

h' (αd2) 59.6 73.8 69.9 60.0 61.0 64.2 72.6 
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From (15), (16) we can easily derive a relation for 

the critical value of the dissociative recombination rate 

constant 

d1, d2 exp ,    (18) 

when λexp and Kexp remain positive, i.e. they have a physi-

cal meaning. The results of calculation from (14)–(17) are 

given in Table 2 for αd1=2·10
–7

cm
3
 s

–1
 and αd2=2·10

–6
cm

3
 

s
–1

. Empty cells in lines λexp, Kexp indicate the case when 

condition (18) is not met; squares "–", the absence of ex-

perimental data. 

It is advisable to conduct an in-depth analysis of the 

data in Table 2, which will allow us to determine the 

most optimal ways to improve the semi-empirical model 

in the future. 

Values of λexp, Kexp, and Aexp are cross-linked and de-

pend on αd1 and αd2. With an increase in h, λexp, Kexp 

should decrease, and the medium electroneutrality condi-

tion Aexp should remain approximately constant [Kozlov, 

2021], which is in fact observed in Table 2. 

Table 3 lists h' where λexp=1. Obviously, at αd2, h' de-

creases. For all launches, the use of αd2 causes the violation 

of condition (18) at high altitudes. This situation takes 

place at αd1 only in two cases — at h≥80 km for launch 

No. 4 and at h=85 km for launch No. 6. All these suggest 

that it is likely impossible to consider αd1 and αd2 constant 

in the h range of interest. In launch No. 7 (HANE, night) 

even at αd1, λexp does not exceed 1; and at αd2 at altitudes of 

70 and 75 km, λexp<0. Linear approximation between adja-

cent points allowed us to approximately find λexp(70 

km)=1.34, λexp(75 km)=0.69. To find h' from (15) requires 

αd1=αe, which is unrealistic. 

The need to use the profiles αd1(h) and αd2(h) is con-

firmed by Aexp(h) in all launches. In the lower part of the 

D-region, where the role of negative ions is great, for both 

coefficients Aexp=Kexp>Neexp, λexp>1 (it is especially clear 

at h=50 km, where, unfortunately, simultaneous measure-

ments of q and Ne were performed only in two cases). At 

high altitudes, Aexp=Neexp, λexp<1. The best agreement be-

tween Aexp and Neexp at αd2=2·10
–6

cm
3
 s

–1
 was unexpected, 

which by definition refers either to cluster ions 2 ,Х   or to 

the unknown ion-ion recombination coefficient αi. In this 

case, αd2≠αexp at the altitudes, where the equality 

Aexp=Neexp holds. The reasons for this situation are dis-

cussed in the next section. 

Of particular interest is the analysis of variations in 

Neexp(qexp, h), which are illustrated in Figure 1. It allows 

us to evaluate the self-consistency of measured Neexp 

and qexp, using simple physical arguments for the elec-

tron density in the disturbed D-region [Kozlov, 1971; 

Smirnova et al., 1990]: at any altitude, Ne increases with 

ionization rate. Of course, Figure 1 is approximate due 

to the lack of experimental data and linear approxima-

tion. Nevertheless, the above tendency is evident at all 

h. The exception is qe x p≈(1.3÷2)10
2
 cm

–3
 s

–1
, where at 

h>55 km Ne decreases in launches 1–3 even when 

points with Neexp<10
3
 cm

–3
 are excluded. This may be 

due to the precision in measurements of Neexp and qexp. 

This effect is detailed in Section 3. 

 

Figure 1. Neexp as function of qexp at different altitudes. The numbers near symbols indicate the launch number (see 

Table 1) 
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To calibrate the model with empirical mean <Neexp>, 

we have used only data from [Becker, 2018], which was 

obtained from fairly complete statistical processing of 

the catalog [Nesterova, Ginzburg, 1985] and was more 

representative than in [Danilov et al., 1991; Danilov et 

al., 1995]. The data is presented in Figure 2 for low 

(LSA, left) and high (HSA) solar activity. In this case, 

the quality of model calculations was assessed from q, λ, 

and αeff, using a logic chain (Figure 3) based on well-

known ideas on the behavior of these values in the D-

region. 

 

3. CALCULATION RESULTS 

AND THEIR DISCUSSION 

Since the model is calibrated using two experimental 

data sets, obtained under disturbed (Neexp, qexp) and quiet 

(<Neexp>) conditions, it is worth first discussing the results 

of calculations from the data separately, and then try to 

draw general conclusions.  

3.1. Figures 4, 5 present the results of calculations of 

Δq and ΔNe from Equations (11) and (12) in terms of 

the initial data set from Section 1. 
From Table 2 it is easy to find that the total number 

of measurements of Neexp and qexp for all missile launch-

es with an altitude step h=5 km is S(Neexp, qexp)=104 of 

which S(Ne)=49, S(qexp)=55. 
Figures 4, 5 show that the number of calculations, in 

which both Nem and qm were simultaneously within the 
instrumental precision, was only 1 case or 1·100/S(Neexp, 
qexp)≈1 (as a percentage); the number of estimates of Nem 
within the precision turned out to be 5 or 
5·100/S(Neexp)≈10.2; calculations of qm, 3 or 
3·100/S(qe)≈6.7 of S(qe)=49 since the absence of Neexp in 

some cases did not allow us to find qm. 
The presented estimates for comparing model calcu-

lations with experimental data are conventionally called 

point estimates. 

Another approach is based on the well-known princi-
ples of geometric probability. The calculations were car-
ried out with an altitude step h=5 km (see Table 2), and 
linear interpolation between the points (see Figures 4, 5). 
It is evident that there are cases when two adjacent points 
are beyond the range of the instrumental precision of q, 
Ne measurements, and part of the straight line l connect-
ing them passes through this range. This is valid for all 
other cases: a part of the unified curves of Δq and ΔNe 
coincides with the range of instrumental precision; the 
other does not. Then, the quality of calculations is deter-
mined by the probability P(q, Ne)=l/L, where L is the total 
curve length. It is clear that 0<P(q, Ne)<1. 

As expected, this method allowed us to improve the 

results: P(q, Ne)≈0.10 (when both q and Ne are simulta-

neously within the instrumental precision), P(Ne)≈0.12, 

P(q)≈0.19. 

The question arises whether the above point and ge-

ometric estimates are valid or not, given that they are 

initial and no attempts have been made to improve the 

method. The answer depends on requirements for the 

precision imposed on a particular problem: in some cas-

es, the calculation results can be considered satisfactory; 

in others cannot. 

The first step to improve the semi-empirical method 

is to reject the mean (constant) values of β, αd1, αd2, 

which agrees with the conclusion from the analysis of 

experimental data in Table 2.  
 

    

Figure 2. Vertical profiles of Ne for different heliogeophysical conditions from the catalog [Nesterova, Ginzburg, 1985] 
 

 

Figure 3. Logic chain for determining q, λ, and αeff 

Equations (1)–(4) are complemented by the expressions 

   291.4 10 300 exp 600 ,T T    (20) 

 
1.57

d1 4 10 300 ,T    (21) 

 
0.56

d2 2 10 300 ,T    (22) 
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Figure 4. Calculation of Δqn for launches 1–6 (day, 

I1=0.33 s–1, I2 =0.04 s–1), 7 (night, I1 =I2 =0), αd1=2·10–7cm3 s–1, 

α d2=2·10–6 cm3 s–1, β=4·10–30 cm6 s–1. The gray field indicates 

the q measurement precision 

 

Figure 5. ΔNe for launches 1–6 (day, I1=0.33 s–1, I2=0.04 s–1), 

7 (night, I1=I2=0), αd1=2·10–7cm3 s–1, αd2=2·10–6 cm3 s–1, β= 

=4·10–30 cm6 s–1. The gray field is the Ne measurement precision 

the first two of which are quite well known due to la-

boratory experiments and have been taken according to 

[Kozlov et al., 2022], and the last one is hypothesized 

due to the lack of reliable theoretical calculations and 

experimental data (see, e.g., [Boyarchuk et al., 2006; 

Gordillo Vazquez, 2008; Van Gaens, Bogaerts, 2013]). 

Thus, αd2 should be considered as a freely variable pa-

rameter. Note also that substitution of T(h), which actu-

ally exist in the ionosphere, in (20)–(22) leads to com-

plex variations in Ne because β decreases, αd1 and αd2 

increase. Using T(h) from Aura satellite data yields S(q, 

Ne)≈10.2 %, P(q, Ne)≈0.14; S(Ne)=14.3 %, P(Ne)=0.17; 

S(q)≈16.3 %, P(q)≈0.25. These estimates are seen to be 

much better than the previous ones. Since temperatures 

at 50–85 km are relatively unstable and depend on many 

factors (temperature at h<50 km, latitude, season, etc.), 

calculations were performed with the distribution T(h), 

taken from the well-known global neutral atmosphere 

model MSIS-90. The fundamental difference between 

MSIS and Aura data is that T(h) is larger at some h. We 

have obtained the following results: S(q, Ne)≈10.2 %, 

P(q, Ne)≈0.16; S(Ne)≈10.2 %, P(Ne)≈0.20; S(q)≈18.4 %, 

P(q)≈0.27. Note that the most significant improvement 

is observed for S(q) and P(q). This is important for esti-

mating q from experimental measurements of Neexp (see 

Item 3.2). 

It turned out to be very interesting to employ a new 

coefficient of photodetachement from 1 2O ,Х    ob-

tained in [Kozlov, Lyakhov, 2023], taking into account 

h, χ, solar activity, new cross-sections of photodetache-

ment from 2O ,  recent solar emission spectra in the 

range λ=120–800 nm, and more adequate models of the 

atmosphere (unlike [World Meteorological Organiza-

tion, 1985]) through which this emission passes. When 

using the T(h) distribution from MSIS-90 for daytime 

missile launches 1–6, S(q, Ne)=19.0 %, P(q, Ne)=0.16; 

S(Ne)=21.4 %, P(Ne)=0.2; S(q)=26.2 %, P(q)=0.27. 

These are the best estimates as compared to those ob-

tained earlier. 

The agreement of calculations with the experiment 

can further be improved by varying the little-known 

parameters αd2 and I2. The need to correctly determine 

αd2 and I2 is very clearly and convincingly demonstrated 

in Figure 6 by comparing the median mean experi-

mental values of αexp(h), derived from Table 2, with 

model calculations.      2

m m em
/ .h q h N h    

First, we calculated median <αm(h)>, taking into 

account T dependent rates, new values for I1, and T(h) 

from MSIS-90 (curve 1). It is clear that αm>αexp at 

almost all altitudes and especially at h<70 km. To 

bring the experiment and calculations closer together, 

we must either decrease qm or increase Nem, or both. 

This can be achieved by decreasing αd2, derived from 

Equation (22), or by increasing I2 from the initial 

value 0.04 s
–1

 (see Section 1). Some calculation re-

sults with varying αd2 and I2 are presented in Figure 6. 

Obviously, the parameters αd2 and I2 cannot be consid-

ered constant at h of interest. Moreover, in the upper 

part of the D-region, the dissociative recombination of 
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Figure 6. Comparison of experimental values <αexp> with 

model calculations <αm> when varying unknown parameters 

αd2 and I2. The gray field is the precision of measurements of 

αexp and its median. Calculation results: 1 — taking into ac-

count T dependent rates, new values of I1 [Kozlov, Lyakhov, 

2023], I2 =0.04 s–1, T(h) from MSIS-90; 2 — the same, but 

I2 =0.2 s–1; 3 — the same, 0.2α d2(T), I2 =0.04 s–1; 4 — I2 =0.2 

s–1, 0.2αd2(T) at h≤65 km; 5 — I2 =0.4 s–1; 6 — I2 =0.4 s–1 at 

h≤65 km, 0.2αd2(T) at h≥80 km; 7 — 0.2αd2 at h≤65 km, 

0.33αd2 at h>65 km; I2 =1 s–1 at h<60 km, I2 =0.5 s–1 at h=60 

km, I2 =0.2 s–1 at h=60 km, I2 =0.8 s–1 at h>65 km 

 

positive ions with electrons dominates, although the 

influence of negative ions is noticeable; in the lower 

part, the photodetachement of electrons from cluster 

ones 2 .Х   Figure 6 suggests that it is reasonable to 

simultaneously change both parameters according to 

h. The best agreement with the experiment is ob-

tained if at h≤75 km we assume I2=0.2 s
–1

, 0.2αd2; at 

h>75 km, I2=0.04 s
–1

, 0.2αd2 (curves 3, 4, 6). Yet, the 

question remains unanswered at h<60 km, where 

αm(h)>αexp(h). It is presumably necessary to use the 

value I2>0.4 s
–1

, implying that it includes not only the 

photodetachment of electrons from 2 ,Х 
 but also de-

tachment from them in collisions with neutral com-

ponents in ground and excited states. This considera-

tion is supported by calculations (Figure 6, curve 7). 

The agreement with the experiment can be considered 

almost perfect. Especially noteworthy is that I2(h) and 

αd2(h) are consistent with the general physical concepts: 

the decrease in I2 with increasing h is well explained by a 

decrease in atmospheric density, which automatically 

reduces the contribution of electron detachment from 2Х 
 

in collisions, and, in addition, by changes in the composi-

tion of negative ions during SPEs; different values of αd2 

are primarily defined by the hypothetical nature of 

Equation (22), which at real ionospheric T yields 

αd2>2·10
–6

cm
3
 s

–1
 (see Section 1). 

Figures 7, 8 present the results of calculations of 

Δq and ΔNeexp made at I2(h) and αd2(h), used for esti-

mating <αm> (see Figure 6, curve 7). 

Analysis of the estimates allows us to draw two im-

portant conclusions: 1) reasonable selection of αd2(h) 

and I2(h) allows us to obtain quite satisfactory theoreti-

cal results; in our case, S(q, Ne)=31 %, P(q, Ne)=0.33; 

S(q)=47.6 %, P(q)=0.42; S(Ne)=40.5 %, P(Ne)=0.52; 2) 

The described approach is advisable to apply to model 

calculations when analyzing experimental data acquired 

in each missile launch, which will enable us to evaluate 

the dependences of αd2 and I2 not only on altitude, but 

also on time of day, since the launches were conducted 

at different times (see Table 1). 

The results of the step-by-step calibration of the 

method are summarized in Table 4. At each subsequent 

step, the positive results obtained at previous steps are 

taken into account. 

In conclusion, it is worth noting that for Neexp and 

qexp from other SPEs or solar X-ray flares of various 

classes the quantitative estimates can change. 

3.2. Using <Ne> to calibrate the semi-empirical 

method allows us to draw only qualitative conclusions 

about the model as a whole. On the other hand, unlike 

Item 3.1., they make it possible to test the method in a 

wide range of heliogeophysical conditions (in this case, 

for 10 (see Figure 2)). The calculations have been car-

ried out using the logic chain (see Figure 3) from Equa-

tions (20)–(22) and the model of neutral components, 

determined from Aura satellite data for midlatitudes. 

 

Figure 7. Calculation of Δq for launches 1–6 with regard 

to T dependent rates, new values I1, T(h) from MSIS-90; 

αd2(h) and I2(h) correspond to the values used in calculations 

of curve 7 in Figure 6 
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Figure 8. Calculation of ΔNe for launches 1–6, taking into 

account T dependent rates, new values I1, T(h) from the MSIS-

90; αd2(h) and I2(h) are the values used in calculations of curve 

7 in Figure 6 

The altitude profiles of K, λ, αeff are beyond any doubt 

for all ten heliogeophysical conditions: they decrease with 

increasing h. At the same time, the nighttime values, as ex-

pected, are higher than the daytime ones. 

It is interesting to change the calculated q from h for 
given <Ne> (Figure 9, a, b). During the day, q(h) can be 
roughly divided into three ranges: 

1) h>75 km. The main source is the ionization of N2, 

O2, and partly O by solar radiation. Increasing I1 has a 

very weak effect on q; season and solar activity are 

much more important.  

2) 75 km ≥h≥66–67 km. Here, NO and O2(
1
Δg) are 

ionized by solar radiation in the Lα and Lβ lines. In this 

case, negative ions (via I1) begin to significantly affect 

q, reducing it. 

3) h < 66–67 km. It is obvious that the ionization of the 

medium is caused by cosmic rays, which increases in direct 

proportion to decreasing h. Unfortunately, it is not always 

possible to increase q when solar activity decreases, which 

is likely due to large inaccuracies in the Ne measurements, 

included in the database [Nesterova, Ginzburg, 1985], in 

the lower part of the D-region. A change in I1 is seen to 

affect q, but to a lesser extent compared to the previous 

range since at h <66–67 km 
2 1 ,Х X        λ>1 under all 

heliogeophysical conditions.  

At night, the volume of catalog data [Nesterova, 

Ginzburg, 1985] is significantly smaller than that of 

daytime data. That is why, in Figure 9, b we present 

only four cases of calculations. The altitudes, at which 

there are minimum q, increase due to increasing solar 

zenith angles. At h<75 km, it can be seen that mainly in 

summer q(LSA)>q(HSA). We, however, have no expla-

nation for the flat profile of q at h<65–70 km; either this 

is due to errors in experimental measurements, as men-

tioned above, or incomplete knowledge about processes 

in the D-region. In general, the problem of nighttime D-

layer ionization below ~90–100 km remains unresolved. 

This consideration is supported by the inexplicable os-

cillation of q(h) under equinox conditions. 

Analysis of the behavior of q depending on <Ne> 

did not lead to any other conclusions differing from 

those formulated above when discussing the results in 

Figure 9. 

Thus, the semi-empirical method [Kozlov et al., 
2022] is valid under various heliogeophysical conditions 
and requires only experimental data on Ne(h). Note that 
in some cases the estimates will be only qualitative (the 
standard deviations of <Ne> used here are very large 
[Bekker, 2018]). 

Table 4 

Overall results of step-by-step calibration of the model for known Neexp and qexp 

Stage 

number 

 

Parameters 

Results 

(points), % 

Results 

(geometry) 

ΔNe Δq ΔNe Δq 

0 
Initial calculation: coefficients I1, I2, β, αd1, αd2 do not vary with 

height h; neutral composition is from Aura satellite data  

10.2 6.7 0.12 0.19 

1.0 0.10 

1 
Calculation of β, αd1, αd2 from Equations (20)–(22); temperature 

T(h) from Aura satellite data 

14.3 16.3 0.17 0.25 

10.2 0.14 

2 
Calculation of β, αd1, αd2 from Equations (20)–(22); temperature 

T(h) from MSIS-90 

10.2 18.4 0.20 0.27 

10.2 0.16 

3 

Calculation of β, αd1, αd2 from Equations (20)–(22); tempera-

ture T(h) from MSIS-90; photodetachment coefficient I1 from 

[Kozlov, Lyakhov, 2023]. Analysis for 6 daytime launches 

21.4 26.2 0.20 0.27 

19.0 0.16 

4 
Calibration of the model by α=q/Ne

2
. The coefficients αd2 and I2 

vary. The best results are presented according to curve 7 of Figure 6 

40.5 47.6 0.52 0.42 

31.0 0.33 

Note: Each second line of the stage presents the number of estimates of Nem and qm that are simultaneously within the meas-

urement precision. 
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Figure 9. Variations in daytime q(h) under various heliogeophysical conditions for two values I1=0.33 s–1 (solid curves), 

I1 =2.44 s–1 (dashed curves) (a); variations in nighttime q(h) under various heliogeophysical conditions I1 =I2 =0 (b) 
 

CONCLUSION 

The calibration of the semi-empirical method based 

on two sets of experimental data, the analogue of which, 

even approximate, we have not found in the scientific 

literature, has shown that it can be reliably applied to a 

wide range of heliogeophysical conditions in undis-

turbed and disturbed D-region. To reach a better agree-

ment between the model calculations and the experi-

ment, it is necessary to use current concepts of the tem-

perature T dependent rates and the rates of photode-

tachment from 2O ,  determined by χ and h. The un-

known αd2 and I2 can be considered as freely variable 

parameters, of course within due limits. The calcula-

tions of Δq and ΔNe are noticeably affected by T(h). 

Thus, this distribution should be carefully chosen, tak-

ing into account latitude, season, time of day, solar and 

magnetic activity. 

In the quiet ionosphere, nighttime q(h), calculated 

from experimental mean <Ne>, differ significantly from 

daytime values, especially in the shape of curves in 

summer and at the equinox. This once again confirms 

the well-known opinion about the unresolved problem 

of D-region ionization sources under such conditions. 



S.I. Kozlov, S.Sh. Nikolaishvili 

82 

Experimental data obtained during SPE on Novem-

ber 2–5, 1969 and HANE shows a decrease in Neexp at 

all h for qexp≈(1.3–2)·10
2
 cm

–3
 s

–1
, followed by their 

increase with increasing q. This behavior of Ne is mainly 

confirmed by calculations with the semi-empirical 

method, but for a wider range of q variations. Further 

analysis is required for a theoretical understanding of 

the detected effect and a better agreement between the 

model estimates and the experiment.  

The use of new values of I1 for daytime launches 1–6 

shifts curves ΔNe(h) to the left and Δq to the right, 

which improves the theoretical estimates and shifts 

them to the region of instrumental precision for Neexp 

and qexp measurements.  

To compare the calculations with the experiment, 

two methods are employed — point and geometric. The 

results are somewhat contradictory: in some cases, the 

best agreement is obtained by the former method; in 

others, by the latter. It is, therefore, reasonable to adopt 

both methods, although in general the geometric one is 

preferable. 

When estimating unknown αd2 and I2, it is best to use 

experimental data on αexp(h), calculated from Equation 

(14). Various calculations (see Figure 5) show that it is 

necessary to change both parameters simultaneously 

according to h. We have demonstrated that a reasonable 

choice of αd2(h) and I2(h) provides a good agreement of 

calculations with experiment. The selected values of 

these parameters are interpreted from the aeronomic 

point of view. 

In general, the studies carried out here suggest that 

the semi-empirical method can be widely adopted. In 

some cases, the final results will be only qualitative; in 

many others, fairly satisfactory quantitative estimates. 

In the future, it is planned to use the calibrated method 

for calculating propagation of superlong and long radio 

waves. 
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