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Abstract Morphological analysis of Slough/Chilton and Juliusruh foF2 and foF1 long-term variations for the
period including recent observations made in the previous paper (PM) has shown that the geomagnetic
control is valid in the 21st century, moreover, the dependence on geomagnetic activity has become more
pronounced and explicit after 1990. A newmethod to retrieve thermospheric neutral composition (O, O2, and
N2), exospheric temperature Tex, and the total solar EUV flux with λ< 1050 Å from routine foF1 ionosonde
observations has been developed to understand the mechanism of this geomagnetic control. The method
was tested using CHAMP/STAR neutral gas density measurements. The retrieved for the first time
thermospheric parameters at Slough/Chilton and Juliusruh over the period of ~ 5 solar cycles were used to
analyze the mechanism of foF1 and foF2 long-term variations in the light of the geomagnetic control concept.
It was shown that the control was provided via two channels: [O] and [O]/[N2] variations. Geomagnetic
activity presented by 11 year running mean weighted index Ap11y controls the (O/N2)11y ratio variations,
while solar activity presented by (F10.7)11y controls atomic oxygen [O]11y variations. Atomic oxygen, the main
aeronomic parameter controlling daytime foF1 and foF2 variations, manifests solar cycle and long-term (for
some solar cycles) variations with the rising phase in 1965–1985 and the falling phase in 1985–2008. These
long-term [O] variations are reflected in foF2 and foF1 long-term variations. The origin of these long-term
variations is in the Sun. The empirical thermospheric model Mass Spectrometer Incoherent Scatter-86 driven
by Ap and F10.7 indices manifests [O]11y and (O/N2 )11y variations similar to the retrieved ones including
the period of deep solar minimum with a very low atomic oxygen concentration in 2008. This confirms
the basic idea of the geomagnetic control concept that ionospheric long-term variations have a natural
(not anthropogenic) origin related to long-term variations in solar and geomagnetic activity.

1. Introduction

A motivation to write this paper was the statement by Laštovička et al. [2012] that “the role of long-term
changes of geomagnetic activity in the observed long-term trends was decreasing. While it was probably
dominant in ionospheric trends in the past, since about 2000 trends in foF2 appear to be controlled predomi-
nantly by increasing concentration of greenhouse gases.”

In the first part of this paper [Perrone andMikhailov, 2016; this issue, further (PM)] recent aswell as historical foF2
and foF1 observations on the two European ionosonde stations Slough/Chilton and Juliusruh were analyzed. It
was confirmed that the geomagnetic control of the foF2 and foF1 long-term variations was valid for the recent
years in the beginning of the 21st century including the period of a deep solar minimum in 2007–2009. The
mechanism of this control is discussed in this paper using observations on the same two European stations.

Although the geomagnetic control concept [Mikhailov, 2002] was proposed long ago, its substantiation has
not been done yet at a quantitative level for the lack of long-term thermospheric parameter observations
which could be used for such verification. The only possibility to do this (as this is seen from now) is to retrieve
thermospheric parameters from the observed long-term variations of ionospheric parameters themselves
and to check whether the retrieved variations agree with the geomagnetic control concept based on the con-
temporary thermosphere-ionosphere stormmechanism [Rishbeth, 1991; Fuller-Rowell et al., 1994, 1996; Prölss,
1995; Rishbeth and Field, 1997; Rishbeth and Müller-Wodarg, 1999].

The aims of this part of the paper may be formulated as follows: (1) to develop a method to retrieve neutral
composition and temperature from routine daytime midlatitude foF1 ionosonde observations and to test the
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method using CHAMP/STAR neutral gas density measurements; (2) to apply the method to Slough/Chilton
and Juliusruh ionosonde observations (used in the previous paper) to obtain long enough series of thermo-
spheric parameters sufficient for ionospheric long-term trend analyses; (3) to interpret revealed in (PM) foF2
and foF1 long-term variations in the European longitudinal sector using the retrieved thermospheric
parameter variations and to check whether the retrieved variations of neutral composition agree with the
geomagnetic control concept; and (5) to demonstrate the role of geomagnetic activity in foF2 and foF1
long-term variations in the European daytime midlatitude sector.

2. Description of the Method

A general method to retrieve thermospheric parameters from observed Ne(h) profiles was described by
Mikhailov et al. [2012]. However, this method is not suitable for long-term trend analyses as on one hand it
requires Ne(h) profiles which are not available for the whole period of interest. On the other hand, it requires
a visual control and cannot be routinely used. For this reason a new method has been developed which uses
foF1 ionosonde observations. The method is limited being applicable only to summer months and around
noon hours when foF1 is regularly and reliably observed, but even with these limitations the method has
turned out to be useful for our aims as it will be shown later. This is the first description of the method
and for the convenience of reading it is given in full.

The formation mechanisms of the midlatitude daytime F2 and F1 ionospheric layers are well established by
now. The list of processes includes: (a) photoionization of neutral [O], [O2], [N2] species by solar EUV, (b) trans-
fer of O+ ions by diffusion, thermospheric winds, and electric fields, and (c) plasma recombination in the chain
of ion-molecular reactions. The photochemical processes are the same in the F1 and F2 regions, and this is
important for our analysis as all observed differences in foF2 and foF1 long-term variations should be attribu-
ted to dynamics in the F2 region. A two-component model of the solar EUV from Nusinov [1992] is used to
calculate photoionization rates in 48wavelength intervals 10–1050Å. The photoionization and photoabsorp-
tion cross sections are obtained from Torr et al. [1979], Richards and Torr [1988], Richards et al. [1994], and
Ivanov-Kholodny and Nikoljsky [1969] for X-ray emission. Chemical reaction rate constants may be found,
for instance, in Richards [2011].

Following Mikhailov and Schlegel [2003], the scheme of photochemical processes may be written as
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where qi is the primary ion production rates, γi is the ion-molecule reaction rate coefficients, and αi is the
dissociative recombination rate coefficients. Equilibrium concentration of N2

+ ions is negligible compared
to the main ions.

For the sake of a simple analysis in accordance with Ivanov-Kholodny and Nikoljsky [1969] let us consider
the ionosphere at F1 region heights consisting of atomic O+ and molecular M+=NO++O2

+ ions. From
equation (1) we have for O+ ions q(O+) = β[O+] where β = γ1[N2] + γ2[O2] and for molecular ions
M+=NO++O2

+ produced both by direct photoionization and via ion-molecule reactions, we may write

q Oþð Þ þ q Mþð Þ ¼ q ¼ αave Mþ½ �Ne (2)
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Mþ½ � þ α2

Oþ
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Mþ½ � is the average-weighted dissociative recombination rate coefficient.

Keeping in mind that M+=Ne� [O+] and [O+] = q(O+)/β, we get from equation (2) the equation
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� q
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which may be rewritten as

Ne ¼ q Oþð Þ
β

þ q
aaveNe

(4)
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The first term in equation (4) presents the O+ ion concentration, and the second term the concentration of M+

ions. A comparison [Mikhailov and Schlegel, 2003] with the model calculations, when the complete set of
pertinent processes is taken into account, has shown that a simplified approach (equation (4)) may be used
for physical interpretation.

Normally, the height of F1 layer maximum is not available from routine ionosonde observations, but the
theory of F1 layer [e.g., Ratcliffe, 1972] tells us that the layer is formed in the transition area from a quadratic
to a linear recombination law. This takes place where two terms in equation (4) are equal. This condition spe-
cifies hmF1 in our method.

We consider five observed foF1 values for 10,11,12,13,14 LT and five unknowns: factors for the Mass
Spectrometer Incoherent Scatter (MSIS)-86 [Hedin, 1987] model exospheric temperature Tex, concentrations
[O], [O2], [N2] as well as a factor for the Nusinov [1992] model of the total solar EUV flux with λ< 1050Å. The
transport processes are ignored but a full scheme of photochemical processes for O+(2D), O+(2P), O2

+(X2∏),
N+, N2

+, and NO+ ions in the 140–200 km height range is taken into account. It should be stressed that the
MSIS-86 model [Hedin, 1987] is used inside the method while MSISE-00 [Picone et al., 2002] is used for testing
the method. This is done for the following reasons. MSIS-86 is a simpler andmore operative model, and this is
important from the time-consuming point of view as the model is run many times at each iteration step. On
the other hand, the internal logic of MSISE-00 is very complicated and the model cannot be easily matched to
work with our method. But it is used for a comparison with CHAMP/STAR neutral gas density observations
during the method testing. The extraction of thermosphere parameters from ionospheric ones is a problem
of nonlinear programming [Himmelblau, 1972].

3. Testing of the Method

The most straightforward way to test the proposed method is to compare the retrieved from foF1 neutral gas
densities with the observed ones. CHAMP/STAR accelerometer neutral gas density observations (http://sisko.
colorado.edu/sutton/data.html) were used to test the method. These excellent observations have been con-
ducted for many years under various geophysical conditions, and they open a wide opportunity to test the
method. Summer (June–July) daytime CHAMP/STAR observations in 2003, 2006, 2007, and 2008 in the
European sector were used for testing. The selected years present different geophysical conditions. June–
July 2003 was the period of elevated solar activity with monthly F10.7 ~ 130, but magnetically it was a very
disturbed period with monthly Ap= 20–24. Around half of all tested days belonged to 2003, and they were
strongly disturbed with daily Ap up to 40–60. Another half of the tested days presented low with
F10.7 = 76–73 (2006–2007) and extremely low with F10.7 = 66 (in 2008) solar activity. Geomagnetic activity
was low or slightly elevated for the second half of the selected dates. Chilton (http://spidr.ngdc.noaa.gov/
spidr/) and Juliusruh (http://www.ips.gov.au/World_Data_Centre/1/3) hourly foF1 observations were used
for this testing. Observed CHAMP/STAR neutral gas densities were reduced to the locations of Chilton
(51.5°N; 359.4°E) and Juliusruh (54.6°N; 13.4°E) and 12 LT using MSISE-00 [Picone et al., 2002] thermospheric
model and the following expression:

ρstation ¼ ρCHAMP
MSISE00station
MSISE00CHAMP

The height of CHAMP orbit changed from ~400 km in 2003 to ~ 335 km in 2008. The reduction height should
be close to the satellite height to minimize possible errors due to the MSISE-00 imperfectness. Three succes-
sive observations close to the latitude of the ionosonde station after the reduction were averaged to give the
neutral gas density for our comparison. Normally, the reduced values of ρ at three points are close, so the
average value is reliable.

The retrieved from foF1 neutral gas density ρ=m1[O] +m2[O2] +m3[N2] does not include the contribution of
He and N; therefore, the observed neutral gas densities were corrected using MSISE-00. Normally, this correc-
tion is small (≤2%) at the reduction height, but it was applied.

It should be stressed that O, O2, and N2 concentrations are retrieved at heights of F1 layer (<200 km), and
then they are reduced to the height of CHAMP using the MSIS model temperature profile Tn(h) with the
retrieved Tex value.
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Overall 65 for Chilton and 69 for Juliusruh comparisons between the retrieved and observed ρ have been
done. We calculated the distribution of the R= ρcal/ρobs ratio where ρcal is the neutral density retrieved from
the observed foF1 values and ρobs are the corresponding CHAMP/STAR measurements reduced to the iono-
sonde location and 12 LT. Figure 1 gives the histogram of R. Rave gives the average shift of the calculated ρ
with respect to the observed ones. A comparison is also made with the MSISE-00 model [Picone et al., 2002].

Along with the histograms, we provide some statistical metrics (i.e., mean relative MRD, standard SD devia-
tions, and the bias with respect to the observed values) for a comparison between the retrieved neutral

Figure 1. (left column) Distributions of R = ρcal/ρobs ratio for the (top row) retrieved cases and those based on the (bottom
row) MSISE00 model. Average Rave and the number of analyzed cases are given. (right column) Retrieved and modeled
neutral gas densities versus the observed values. MRD and SD deviations along with the bias are given for a comparison.
Plots are given for Chilton and Juliusruh.
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gas densities and MSISE-00 model ones. The proposed method gives at Chilton MRD= 10.9%,
SD= 0.379 × 10�15 g cm�3, and the bias = 0.016 × 10�15 g cm�3, while MSISE-00 gives MRD= 15.3%,
SD= 0.440 × 10�15 g cm�3, and the bias = 0.311 × 10�15 g cm�3.

At Juliusruh we have MRD= 10.8%, SD= 0.416 × 10�15 g cm�3, and the bias =�0.056 × 10�15 g cm�3, while
MSISE-00 gives MRD=15.2%, SD= 0.500 × 10�15 g cm�3, and the bias = 0.221 × 10�15 g cm�3.

The testing results show that the proposed method provides better accuracy than the modern empirical
model, MSISE-00. It should be also stressed that the uncertainty of the retrieved neutral gas density coincides
with the announced absolute uncertainty ± 10–15% of the neutral gas density observations with the CHAMP
satellite [Bruinsma et al., 2004]. For a quick visual inspection, the plots of themodeled versus observed neutral
gas densities are given in Figure 1 (right column). This graphical representation and the statistical results
show that the retrieved densities are more centered with respect to the observations compared to modeled
values which are essentially biased overestimating the observations.

Theproposedmethod to retrieve thermospheric parameters fromroutine foF1 ionospheric observations seems
to be interesting and promising. It is much easier compared to the general method byMikhailov et al. [2012],
but it has serious limitations. It can be used only aroundnoonhours andmainly in summerwhen F1 layer iswell
developed and routinely observed by ground-based ionosondes. Of course, its practical application will need
additional tests in the future, keeping inmind the quality of foF1 automatic scaling. However, it was developed
as a tool for long-term trend analyses, and testing results tell us that the method can be used for this aim.

4. Interpretation

Using the method proposed in (PM) Slough/Chilton and Juliusruh monthly median foF2 and foF1 observations
for June and 12 LT were converted to long-term (δf0F2)11y and (δfoF1)11y variations.

The error bars cannot be shown in Figure 2 (middle row) for (δfoF2)11y, (δfoF1)11y long-term variations as each
point is the observed at 12 LT June monthly median foF2 or foF1 value which were twice transformed: (a) by a
nonlinear regression with 11month running mean weighted F10.7 and (b) by an 11month running mean
weighted smoothing (see PM). Therefore, the inaccuracy of (δfoF2)11y, (δfoF1)11y points in fact is unknown.
But it should be mentioned that both manual and automatic ionogram scalings should provide foF2 and
foF1 with the inaccuracy of ~ 0.1MHz [Union Radio Scientifique Internationale 1972; Krasheninnikov et al.,
2010], and this inaccuracy cannot be larger for monthly median values usually used in trend analyses. The
same monthly median foF1 values were used to retrieve thermosphere neutral composition (O, O2, and N2)
and Tex as it is described earlier. The accuracy of the retrieved individual thermospheric parameters cannot
be estimated as we do not have corresponding direct observations of these parameters. The only possibility
provides CHAMP/STAR neutral gas density measurements which were used for the method testing. Neutral
gas density is the integral characteristics which includes three retrieved concentrations (O, O2, and N2) and
Tex, the latter being used to reduce ρ from heights of F1 region to the height of CHAMP. As the neutral gas den-
sity at the satellite height ismainly presented by atomic oxygen, the obtained inaccuracy for ρ~ 11% (Figure 1)
may be prescribed to the inaccuracy of [O] determination with our method. The retrieved [O] and [O]/[N2]
values at 200 km were smoothed using 11 year running mean weighted smoothing (see PM). Both (δfoF2)11y,
(δfoF1)11y and ([O])11y, ([O/N2])11y along with Ap11y variations are given in Figure 2 for June, 12 LT.

Atomic oxygen is the main aeronomic parameter responsible for NmF2 variations (we suppose that solar EUV
ionization effects were removed from (δfoF2)11y, (δfoF1)11y variations). This follows from the well-known
expressions by Rishbeth and Barron [1960] for a steady state daytime midlatitude F2 layer:

NmF2 ¼ 0:75
qm
βm

βmH
2

Dm
¼ 0:6 (5)

where all parameters ion production rate qm, linear loss coefficient βm, and ambipolar diffusion coefficient Dm

are given at the F2 layer maximum. From (5) it is possible to write down the expression for NmF2 when all aero-
nomic parameters are specified at a fixed height h1 [Mikhailov et al., 1995, Appendix B]:

NmF2∝
J∘ O½ �14=3T�5=6

n

N2½ �12=3
∝ O½ �12=3

O½ �1
N2½ �1

� �2=3

T�5=6n (6)

In the isothermal atmosphere any height may be chosen as the h1 level, 200 km for instance.
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This h1 is also close to the F1 layer maximum height. Equation (6) shows that NmF2 depends not only on the
O/N2 ratio but also on the absolute [O] concentration as well. For this reason atomic oxygen turns out to be
the main thermospheric parameter controlling daytime NmF2 variations. Molecular nitrogen is a passive
species which follows Tn variations, but it determines the recombination rate both in the F1 and F2 regions
(equations (4) and (6)). For this reason along with [O]11y we gave [O/N2]11y variations in Figure 2. This ratio
is usually used as an indicator of the thermosphere perturbation in the F2 layer storm mechanism [e.g.,
Prölss, 1995, 2004, and references therein].

It is seen that ups and downs in [O/N2]11y variations coincide after ≈ 1985 with the corresponding ups and
downs in (δfoF1)11y variations as F1 region is totally controlled by photochemical processes while this
coincidence does not always take place for (δfoF2)11y as dynamical processes are important in the F2 region.
The [O/N2]11y ratio is seen to vary antiphase with Ap11y. The correlation coefficients are �0.488 at
Slough/Chilton and �0.441 at Juliusruh, in both cases the coefficients being significant at the 99% confi-
dence level. Further, the O/N2 ratio with some delay manifests antiphase variations with atomic oxygen
which varies in-phase with (F10.7)11y. All ups and downs in ([O])11y variations coincide with ups and downs
in (F10.7)11y, the correlation coefficients are 0.946 at Slough/Chilton and 0.920 at Juliusruh with the 99% con-
fidence level. All ups in ([O])11y variations correspond to solar maxima, and all downs to solar minima in
solar cycles. This may be related to solar cycle variations of the intensity in the Schumann-Runge continuum
responsible for the O2 dissociation above 100 km. We do not have retrieved data in this spectral range, but
the variations of the retrieved total EUV flux (λ< 1050Å) are in a good correlation (c.c. = 0.889 at the 99%
confidence level) with the retrieved atomic oxygen variations (Figure 3). Keeping in mind that the solar flux
at various wavelengths over the Schumann-Runge continuum can be expressed in terms of the F10.7 index
to a reasonable approximation [Torr et al., 1980], it is possible to suggest that the retrieved atomic oxygen
long-term variation in 1965–2008 is due to the corresponding long-term variation in solar activity presented
by F10.7 index (Figure 3, top).

Figure 2. (δfoF2)11y, (δfoF1)11y, and retrieved ([O])11y, ([O/N2])11y at 200 km along with Ap11y and (F10.7)11y long-term
variations at Slough/Chilton and Juliusruh for June, 12 LT. Solid curves are polynomial approximations of Ap11y and
([O/N2])11y. Crosses are for 11 year running mean weighted smoothed monthly F10.7 for June months. Dashed curves
are polynomial approximations of (F10.7)11y and [O]11y. Numbers are given to identify the ups and downs with the
corresponding downs/ups in the Ap index long-term variations.
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Geomagnetic activity is known to lag
behind solar activity in solar cycles.
Therefore, the (O/N2)11y ratio which
mainly follows geomagnetic activity
variations demonstrates some time lag
with respect to ([O])11y variations related
to solar activity, the latter may be pre-
sented by direct solar indices like F10.7.

Solar and geomagnetic activities are
two channels which provide the control
of foF1 and foF2 long-term variations.
Atomic oxygen is seen to follow both
solar cycle and long-term (≥40 years)
variations in solar activity with a rising
phase in 1965–1985 and a falling phase
in 1985–2008 (Figure 2). The rising phase
corresponds to positive (δfoF2)11y and
(δfoF1)11y, while the falling phase results
in negative (δfoF2)11y and (δfoF1)11y
(Figure 2, middle row). During the
1965–1985 period [O] and [O]/[N2] work
in one direction (both are increasing,
see smoothed variations in Figure 2
and equation (6)) thus increasing foF2
and foF1, and we have positive (δfoF2)11y

and (δfoF1)11y. After ~1985 the decrease in [O] (dashes in Figure 2) becomes dominating, and (δfoF2)11y and
(δfoF1)11y become negative. In the end we have a well-pronounced negative foF1 and foF2 trends over the
whole 1962–2010 period commonly discussed in the literature. However, both trends are negative unlike
the conclusions by Laštovička et al. [2012] and Bremer [2008] who tell about positive trend in foF1. The simi-
larity in foF2 and foF1 long-term variations which follows from the F1 and F2 layer formation mechanisms was
stressed earlier [Mikhailov, 2008]. It should be mentioned that Danilov and Konstantinova [2014] were the first
who have proposed to relate negative foF2 trend with the atomic oxygen decrease in the upper atmosphere,
and they prescribe this decrease to the intensification of eddy diffusion.

The role of the O/N2 ratio is also essential considering, for instance, a very interesting period after ≈ 2000.
Despite a strong decrease in [O] the O/N2 ratio has started to increase after 2003, and the negative trend
in foF2 and foF1 has stopped—we see an increase in foF2 and foF1 after 2005 at both stations. This is a crucial
argument against the CO2 increase hypothesis in relation with the origin of ionospheric trends as one hardly
can expect a decrease of the CO2 abundance in the atmosphere.

Thus, we may conclude that the solar and geomagnetic control of foF1 and foF2 daytime long-term variations
at middle latitudes (Slough/Chilton and Juliusruh) is provided via neutral composition—[O] and O/N2. This is
not a surprising result, namely, this mechanism was meant when the geomagnetic control concept was
formulated [Mikhailov, 2002, 2008]. But that time we did not have the retrieved neutral composition and
did not know how this mechanism actually works.

5. Discussion

The aims of the two related papers (PM) and this one were to check whether the geomagnetic control of foF1
and foF2 long-term variations is still valid in the 21st century and to establish physical mechanism responsible
for this control under the simplest conditions—middle latitudes, daytime hours. Two European stations
Slough/Chilton and Juliusruh with reliable manually scaled ionosonde observations [Scott et al., 2014;
http://www.ips.gov.au/World_Data_Centre/1/3] were chosen for this analysis. In the first paper (PM) it was
shown that the geomagnetic control took place at both stations and became even more pronounced in

Figure 3. Long-term variation of (top) index F10.7 and corresponding
variations of the retrieved atomic oxygen at 200 km and the total EUV
solar flux with λ< 1050 Å. Solid and dashed curves are polynomial
approximations.
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the 21st century. Therefore, the present
paper is devoted to physical inter-
pretation of this geomagnetic control.
Generally speaking, the mechanism was
clear from the very beginning [Mikhailov,
2002, 2008]—thermospheric neutral
composition is the main driver in the day-
time midlatitude F2 and F1 regions. But
the lack of thermosphere observations
for periods comparable to the duration
of ionospheric observations has not
allowed us to check the geomagnetic
control mechanism. A special method to
retrieve the required thermospheric para-
meters from the ionospheric observations
themselves has been developed to solve
the problem.

The proposed method has allowed us for
the fist time to retrieve thermospheric
parameters (Tex, O, O2, and N2) from rou-
tine ionosonde foF1 observations at the
two European stations, Slough/Chilton
and Juliusruh for the period of ~ 5 solar
cycles. The retrieve thermospheric neutral
composition has shown us how the geo-
magnetic control works. According to
the analytical expression (6), this control
is provided via two channels: [O] and
[O]/[N2] variations. Both channels in their
turn are controlled by solar and geomag-
netic activities long-term variations as it
was initially formulated in the geomag-
netic control concept [Mikhailov, 2002].
The obtained result looks as a principle
one. First of all, it tells us which thermo-
spheric parameter variations are needed

to explain the observed daytime midlatitude foF1 and foF2 long-term variations. On the other hand, if the
retrieved parameters manifest long-term variations similar to the empirical model (e.g., MSIS) ones, then it
is possible to tell about the natural (not anthropogenic) origin of the ionospheric long-term trends.

Figure 4 gives such comparison for Slough/Chilton where the retrieved variations were taken from Figure 2
while model ([O])11y and (O/N2)11y long-term variations were calculated from the MSIS-86 model [Hedin,
1987]. To provide a correct comparison model, monthly [O] and O/N2 medians were calculated for each
June of all years. The observed 3 h ap and daily F10.7 indices were used for each day of June to calculate model
monthly medians. A comparison of the retrieved to model ([O])11y and (O/N2)11y long-term variations shows
their similarity. Model values are seen to be slightly larger, but relative variations (the most important for
trend analyses) are practically the same. The positions of all ups and downs coincide, and model long-term
([O])11y variations (see polynomial approximations in Figure 4) manifest similar features: the rising phase
before 1985 and the falling phase after 1985 with a very steep decrease after 2003 clearly seen both in the
retrieved and model variations. This result is an interesting one. On one hand, it is seen that the developed
method gives reasonable thermospheric parameter variations in comparison with the empirical model,
MSIS-86. On the other hand, it tells us that the empirical MSIS-86 model which does not “know” anything
either about the CO2 increase or the intensification of eddy diffusion [Danilov, 2005, 2006; Danilov and
Konstantinova, 2014], as the model is based on the observations mostly conducted in 1970s and early

Figure 4. Retrieved and model MSIS-86 ([O])11y, ([O/N2])11y at 200 km
along with Ap11y and (F10.7)11y long-term variations at Slough/Chilton
for June, 12 LT. Solid curves are polynomial approximations of Ap11y
and ([O/N2])11y. Crosses are for 11 year running mean weighted
smoothed monthly F10.7 for June months. Dashed curves are polyno-
mial approximations of (F10.7)11y and [O]11y. Numbers are given to
identify the ups and downs with the corresponding downs/ups in the
Ap index long-term variations.
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1980s, manifests long-term variations of the atomic oxygen which are very similar to the retrieved ones
including the strong [O] decrease in the last deep solar minimum. It should be reminded that MSIS-86 is
driven by two geophysical indices F10.7 and Ap which are proxies for solar and geomagnetic activity. This
confirms our main conclusion that foF1 and foF2 long-term variations have a natural (not anthropogenic)
origin related to long-term variations in solar and geomagnetic activity. As far as we know such long-term
variations of the thermospheric parameters related with similar long-term variations in F10.7 index have never
been discussed in the literature. Such long-term variations with the rising phase before 1985 and the falling
phase after 1985 manifest not only thermospheric parameters but also the retrieved solar EUV flux (Figure 3)
as well. Therefore, the origin of such variations is in the Sun. Right now we cannot say anything on the
mechanism but the magnetic moment of the solar dipole demonstrates the same type of long-term varia-
tions with the rising phase before 1985 and the falling phase with a sharp decrease of the magnetic moment
after 1985 [Obridko and Shelting, 2009, Figure 1].

It should be said some words concerning future foF1 and foF2 trends in relation with their formation mechan-
isms. The CO2 increase hypothesis as it was stressed in (PM) cannot be considered as a candidate to explain
the observed ionospheric long-term trends. In the framework of the geomagnetic control concept we should
consider two drivers: solar and geomagnetic activities. The last solar minimum was very prolonged and so
very deep—it was deeper than the minimum in 1965. Atomic oxygen concentration reached its minimal
values in 2008 (Figure 2, bottom row). On the contrary, the O/N2 ratio reached its maximal values in 2008
due to low neutral temperature and low [N2]. The increase in O/N2 has overpowered the [O] decrease (see
equation (6)), and we have got a positive trend after 2005 both in foF1 and foF2 at the two stations
(Figure 2, middle row). Solar activity is increasing after the deep minimum, and this will result also in [O]
increase, a tendency for this is seen for 2 years since 2008 (Figure 2, bottom row). Therefore, one may hope
that the ionosphere will return to its normal state in the 21st century. Anyway, the last foF2 and foF1 observa-
tions at Chilton and Juliusruh after 2009 do not show any tendency to a further decrease expected from the
CO2 continuous increase in the Earth’s atmosphere.

6. Conclusions

The obtained results may be formulated as follows.

1. A newmethod to retrieve thermospheric neutral composition (O, O2, and N2), exospheric temperature Tex,
and the total solar EUV flux with λ< 1050Å from routine foF1 ionosonde observations has been developed
to substantiate the earlier proposed geomagnetic control concept of the ionospheric long-term trends.

2. The method was tested using Chilton and Juliusruh ionosonde observations along with CHAMP/STAR
neutral gas density measurements for June–July 2003 and 2006–2008. The two ionosonde stations are
the same as were used in (PM) for foF1 and foF2 long-term trend analysis. It was shown that the proposed
method provides better accuracy than the modern empirical model, MSISE-00, and the uncertainty of the
retrieved neutral gas density coincides with the announced absolute uncertainty ± 10–15% of the neutral
gas density observations with the CHAMP satellite. Therefore, it was concluded that the method could be
use for foF1 and foF2 trend analyses at the two stations.

3. Using the developed method and monthly median foF1 observations at Slough/Chilton and Juliusruh
thermospheric parameters has been retrieved for the first time for the period of ~ 5 solar cycles. These
data have allowed us to check the geomagnetic control concept as a mechanism of foF1 and foF2 long-
term trends. It was shown that this control is provided via two channels: [O] and [O]/[N2] variations.
Both channels in their turn are controlled by solar and geomagnetic activities long-term variations as it
was initially formulated in the geomagnetic control concept.

4. Atomic oxygen, the main aeronomic parameter controlling daytime foF1 and foF2 variations, demon-
strates solar cycle and long-term (some solar cycles) variations with the rising phase in 1965–1985
and the falling phase in 1985–2008. These long-term [O] variations are reflected in foF2 and foF1 long-
term variations, while solar cycle variations are controlled by O/N2 ratio. As long as smoothed F10.7
and the retrieved solar EUV flux manifest the same long-term variations on may conclude that their
origin is in the Sun.

5. Geomagnetic activity (Ap11y index) controls the O/N2 ratio variations (the significant correlation coeffi-
cient ≈�0.46), while (F10.7)11y controls atomic oxygen [O] variations (the significant correlation coefficient
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≈ 0.93). Long-term atomic oxygen variations in 1964–2008 are due to the corresponding variation in solar
activity presented by index F10.7. Presumably, this control is provided via the variations in the O2 dissocia-
tive radiation.

6. The empirical thermospheric model MSIS-86 whose driving parameters are indices of solar (F10.7) and geo-
magnetic (Ap) activity exhibits [O] and O/N2 long-term variations similar to the retrieved ones including
the period of deep solar minimum with very low atomic oxygen concentration in 2008. On one hand, this
tell us that developed method provides reasonable results under various geophysical conditions, on the
other hand, this tells us that foF1 and foF2 long-term variations have a natural (not anthropogenic) origin
related to long-term variations in solar and geomagnetic activities.

7. The undertaken analysis using European ionosonde observations has confirmed the basic idea of the geo-
magnetic control concept that foF1 and foF2 long-term variations have a natural origin, and periods of posi-
tive and negative trends just reflect the corresponding periods in solar and geomagnetic activity. The
negative foF2 trend commonly discussed in literature was due to a long-term decrease in the atomic oxy-
gen abundance in 1985–2008 which will be changed by an increase and a positive trend in foF1 and foF2.
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