
Geomagnetic control of the midlatitude foF1
and foF2 long-term variations: Recent
observations in Europe
L. Perrone1 and A. V. Mikhailov2

1Istituto Nazionale di Geofisica e Vulcanologia, Roma, Italy, 2Pushkov Institute of Terrestrial Magnetism, Ionosphere
and Radio Wave Propagation (IZMIRAN), Moscow, Russia

Abstract A new very simple method, allowing an easy control, has been applied to extract long-term
(11 year) δfoF2 11y and δfoF1 11y variations from June foF2 and foF1 monthly median observations at European
Slough/Chilton and Juliusruh stations, including recent data until 2015. The aim of the analysis was to check the
validity of the geomagnetic control of foF2 and foF1 long-term variations in the 21st century with the main
accent on the period including the last deep solar minimum in 2008–2009. The geomagnetic control was
shown to be valid. Moreover, the dependence on geomagnetic activity has become more pronounced and
explicit after 1990. A simultaneous analysis of foF2 and foF1 long-term variations improves the reliability of the
obtained conclusions and helps understand the physical mechanism of these variations. Due to common
neutral composition and the similarity of photochemical processes noontime foF2 and foF1 demonstrate similar
long-term variations: the correlation coefficient between δfoF2 11y and δfoF1 11y is 0.834 at Slough/Chilton and
0.884 at Juliusruh with the 99% confidence level according to Fisher’s F criterion. Midnight long-term δfoF2 11y
variations alsomanifest a pronounced dependence on Ap11y whichmay be interpreted in the framework of the
geomagnetic control concept.

1. Introduction

Long-term variations (trends) in electron concentration of the Earth’s ionosphere are very small and have no
practical importance, but they may serve as an indicator of the upper atmosphere long-term changes and
this is very important both from practical and scientific points of view.

Although long-term variations of the ionospheric parameters are closely related and reflect the corresponding
variations in the thermospheric parameters, the trends in ionized and neutral components of the upper
atmosphere are not identical and should be analyzed separately. After researches by Roble and Dickinson
[1989], Rishbeth [1990], and Rishbeth and Roble [1992], who predicted that the ionospheric effects of the
atmosphere greenhouse gas concentrations increase, researches have been trying to relate ionospheric trends
with the thermosphere cooling due to CO2 increase. Despite obvious contradictions with the observed
ionospheric trends, the greenhouse hypothesis remains very popular [Laštovicka et al., 2012; Danilov and
Konstantinova, 2013;Mielich and Bremer, 2013; Roininen et al., 2015]. It should be stressed that there are no direct
experimental confirmations that a 20% CO2 increase in the Earth’s atmosphere [Houghton et al., 2001] can
explain the observed ionospheric trends. Thermosphere-Ionosphere-Electrodynamics General Circulation
Model (TIE-GCM) simulations by Cnossen [2014] have shown “very clearly how little influence the increase in
CO2 concentration has had on foF2” and this agrees with theoretical and previous model predictions by
Rishbeth [1990] and Rishbeth and Roble [1992]. The first TIE-GCM simulations by Rishbeth and Roble [1992]
with doubled CO2 mixing ratio gave a small foF2 decrease, mostly less than 0.5MHz. We are still very far from
the doubled CO2 scenario, but the present-day foF2 trends are already larger this estimate. A comparison of
daytime foF2 trends for a midlatitude station, Juliusruh calculated with different methods has shown the
trend magnitude between �0.020 and �0.015MHz/yr [Laštovicka et al., 2006]. Even larger by 2–3 times foF2
trends were revealed byDanilov and Konstantinova [2013] for the period after 1990. Supposing the CO2 increase
has started 30–40 years ago, we would have the difference in foF2 0.02× (30–40) = (0.6–0.8)MHz which is
larger than the double CO2 scenario estimate. This estimate should be compared to a foF2 decrease of
≈0.3MHz expected from a 20% CO2 increase in the case of a linear dependence between foF2 and CO2

variations. The quantitative contradiction casts a serious doubt on the greenhouse mechanism of the iono-
spheric trends.
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An important morphological feature of the foF2 trends, which the adherents of the CO2 hypothesis prefer not
to discuss—the dependence of foF2 trends on geomagnetic latitude—was revealed by Danilov and Mikhailov
[1999]. Using a very simple method to extract foF2 trends from routine monthly median foF2 observations,
they have shown a pronounce dependence on geomagnetic latitude, the trend magnitude increasing with
the latter. Similar latitudinal dependence for foF2 trends may be found in a recent paper by Cnossen and
Franzke [2014, Table 3]. This latitudinal dependence was the first step toward the mechanism of the
ionospheric long-term trends which was later called as the geomagnetic control concept [Mikhailov, 2002].

The next step was done byMikhailov and Marin [2000] who have confirmed the dependence of foF2 trends on
geomagnetic (invariant) latitude both for daytime and nighttime hours and have shown, for the first time, that
there exist periods with negative and positive foF2 trends, which correspond to the periods of long-term
increasing/decreasing geomagnetic activity. It was shown that trends (the sign) were strongly depended on
the phase (rising/falling) of long-term varying geomagnetic activity, the 11 year running mean Ap index was
considered as an indicator of these variations. For this reason using years belonging to different (rising/falling)
phases of geomagnetic activity inevitably results in trends of different signs when different series of data are
analyzed, but this is not taken into account by other authors who use all available observations at a given
station without a proper removal of the geomagnetic activity effects [e.g., Roininen et al., 2015]. This problem
was discussed by Konstantinova and Danilov [2015]. The method [Mikhailov et al., 2002] used for data analysis
gives foF2 trends which are free to a great extent from solar and geomagnetic activity effects and they are
insensitive to the phase of geomagnetic activity. The residual trends were shown to be very small [e.g.,
Laštovicka et al., 2006] telling us that observed foF2 long-term variations have a natural origin related to long-
term variations in solar and geomagnetic activities. It should be stressed that we are speaking about foF2 trends
which according to publications cannot be quantitatively reproduced in model simulations using the
thermosphere cooling mechanism even under unrealistically doubled CO2 mixing ratio [e.g., Rishbeth and
Roble, 1992; Qian et al., 2008, 2009]. Model (TIE-GCM) simulations by Cnossen [2014] for a more moderate
~ 28% increase in CO2 concentration gave no noticeable effect in foF2—all the changes were smaller than
±0.2MHz and were not statistically significant. It should be mentioned that both manual and automatic
ionogram scaling provide foF2 with the inaccuracy of ~ 0.1MHz [Union Radio-Scientifique Internationale, 1972;
Krasheninnikov et al., 2010] and this inaccuracy cannot be larger for monthly median foF2 usually used in
trend analyses.

Of course, the thermosphere cooling lowers the maximum height of the F2 layer, hmF2 but even under CO2

doubled scenario the decrease in hmF2 is only 15–20 km [Rishbeth, 1990; Rishbeth and Roble, 1992] and this
is almost within the accuracy of hmF2 determination with modern digisondes [Chen et al., 1994]. Trend
analyses require a long series of hmF2 observations, but such data are absent and traditionally the
Shimazaki [1955] empirical formula is used to convert M(3000)F2 to hmF2. A thorough analysis of this formula
made by Ulich [2000] has shown that the overall inaccuracy of such conversion is about 20 ± 10 km
depending on geophysical conditions. This is comparable or even larger than the total hmF2 change
estimated under CO2 doubled scenario. Model simulations by Cnossen [2014] for a ~ 28% increase in CO2

concentration gave a fairly uniform decrease in hmF2 of about 5 km, and this was not statistically significant
everywhere. This result contradicts a 30 km hmF2 decrease obtained at Sodankylä over the period 1957–2014
[Roininen et al., 2015] which the authors relate to CO2 cooling. Therefore, developing a mechanism of the F2
layer long-term trends, the priority should be given to the foF2 trends as based on more reliable observations
while hmF2 trends should be considered as complementary information which should not at least contradict
the mechanism considered.

An analogues situation takes place with foF1 trends. By a complete analogy with the foF2 trends, the periods of
increasing geomagnetic activity correspond to negative foF1 trends while these trends are positive for a
decreasing phase in geomagnetic activity [Mikhailov, 2008].

That was an expected result as daytime F1 and F2 ionospheric regions are closely related via common neutral
composition and the scheme of photochemical processes. Therefore, it is possible to speak about the
geomagnetic control of the foF1 long-term trends as well. However, following the results by Rishbeth and
Roble [1992], one should expect a positive trend at heights of F1 layer due to general cooling of the
atmosphere and lowering down of Ne(h) as a whole.
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Model simulations by Qian et al. [2008] with doubled CO2 concentration gave a 13% increase in electron
density (or 6.5% in foF1) at F1 layer heights (their Figure 1). The same 13% increase in NeF1 under doubled
CO2 was obtained by Mikhailov [2008]. Noontime midlatitude foF1 = (4–5)MHz; therefore, one may expect
ΔfoF1≈ 0.3MHz under double CO2 scenario and 0.18MHz under a 20% CO2 increase. On the other hand,
the observed foF1 trend is 0.019 ± 0.011MHz/year [Laštovicka et al., 2012]. For the same (30–40) year period,
we should have 0.019 × (30–40) = (0.57–0.76)MHz. By analogy with the F2 region, the observed foF1 trend
results in much larger foF1 increase than model simulations predict.

An interesting analysis has been performed by Cnossen and Richmond [2008, 2013]. In their model simulations
with TIE-GCM they have estimated the effects of changes in the Earth’s magnetic field on the ionosphere for
three periods (1957–1997), (1958–2008), and (1908–2008).

The results were compared to the observed hmF2 and foF2 long-term trends as well as to trends expected from
the CO2 concentration increase for the same periods. The ionospheric effects are mainly provided by vertical
plasma drift VnxSinICosI due to changes in time of the magnetic field inclination, I. The strongest effects take
place over the Atlantic Ocean and the South Atlantic magnetic anomaly area, while changes are very small in
other regions, Northern Hemisphere, in particular. Observed foF2 trends are almost by an order of magnitude
larger than the modeled ones for some stations (their Table 2), while trends are close for some other stations,
the signs of the observed and model trends being often different. It was shown that changes in the Earth’s
magnetic field were more important than changes in the CO2 concentration in the Atlantic area. Outside the
Atlantic region magnetic field changes do not significantly contribute to long-term trends both in hmF2 and
foF2 and “do not offer a solution to reconcile the discrepancies between observed trends and those predicted
for the change in CO2 concentration.” Moreover, changes in the magnetic field cannot explain the observed E
and F1 region trends as they are totally controlled by photochemical processes.

All this tells us that neither the CO2 concentration increase nor the magnetic field changes can explain the
basic morphological pattern of foF2 and foF1 trends and other drivers should be considered as a mechanism
for ionospheric parameters long-term variations. This idea has been also formulated by Cnossen [2014].

Until now, as far as we know, no reasonable hypothesis has been proposed to explain ionospheric F layer
parameter long-term variations except for the geomagnetic control concept [Mikhailov, 2002]. This concept
is based on the contemporary theory of the F layer storms [Rishbeth, 1991; Fuller-Rowell et al., 1994, 1996;
Prölss, 1995; Rishbeth and Field, 1997; Rishbeth and Müller-Wodarg, 1999]. The interaction of the background
solar-driven and storm-induced thermospheric circulations is the basic process in this storm mechanism
resulting in neutral temperature and composition variations. The geomagnetic control concept of the iono-
spheric trends proceeds from the assumption that the storm mechanisms controlling the F region on the
short time scales (hours and days) are the same on the long time scales compared to a solar cycle length.
The concept has appeared from the analysis of the F2 layer parameter long-term trends and turned out to
be efficient in the interpretation of the ionospheric trends global morphology.

Seven years have passed since the last our publication on this problem, new observations have been
obtained which include the period of a deep solar minimum in 2008-2009 widely discussed in the literature.
Therefore, it would be interesting to check the validity of the geomagnetic control concept using recent
observations. This is done in the present paper. The subsequent paper is devoted to the mechanism of the
long-term trends and especially to the foF1 and foF2 variations after 2000. A new method which has been
developed to extract thermospheric parameters from routine foF1 observations will be used in this study.

Therefore, the aims of this paper may be formulated as follows: (1) To give a simpler and more straightforward
method to extract ionospheric long-term trends from routine ionosonde observations, (2) to demonstrate the
validity of the geomagnetic control in foF2 and foF1 long-term variations including the period of the deep solar
minimum in 2008–2009, and (3) to analyze the extracted foF2 and foF1 long-term variations at middle latitudes
in the European sector in relation to geomagnetic activity long-term variations.

2. Method Description

We proceed from the theory of the ionospheric F2 and F1 layers formation which is well developed by now.
Speaking about midlatitude daytime conditions (F1 layer is a daytime formation) both layers are produced by
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solar EUV radiation with λ ≤ 1050 Å which ionizes neutral O, O2, and N2 components of the thermosphere. F1
layer is totally controlled by photochemical processes, while diffusion and wind transfer of O+ ions are effi-
cient in the F2 region. A simultaneous consideration of the two regions helps the analysis as the scheme of
photochemical processes basically are the same and any observed differences in the foF2 and foF1 long-term
variations should be only attributed to dynamical processes in the F2 layer. Solar and geomagnetic activities
are two drivers which mainly control the state of the upper atmosphere, both its neutral and ionized parts.

Our previous analysis [Mikhailov et al., 2002] has shown that pronounced and statistically significant iono-
spheric trends can be obtained only dealing with 11 year running mean values. Such smoothed ionospheric
parameters are free to a great extent from short-term (monthly and annual) effects of solar and geomagnetic
activity and exhibit only long-term variations which we are looking for. Due to this 11 year smoothing, we
loose 10 years with observations (5 years at the beginning and 5 at the end); therefore, there are not toomany
ionosonde stations which can be used for our analysis. The necessity to have long enough series of data was
stressed by Rishbeth [1997]: “long-term changes can only be reliably detected over intervals of time that
greatly exceed the 11 year solar cycle. The present ionospheric record is only marginally adequate for
such studies.”

The aim of our analysis is not to detect foF2 and foF1 long-term trends (this was done earlier) but to check the
validity of the geomagnetic control in foF1 and foF2 long-term variations for the last period of available
observations including the deep minimum of solar activity in 2008–2009. To perform this analysis, we have
been waiting for the observations in 2014–2015. We confine ourselves only by specifying 11 year running
mean deviations δfoF1,2 11y to consider them versus 11 year running mean Ap11y which serve as an indicator
of geomagnetic activity long-term variations.

Our approach [Mikhailov et al., 2002] to long-term trend analysis gives results which strongly differ from the
results obtained by other researchers [e.g., Laštovička et al., 2006]. Privately, it is supposed that this is due to
the method which looks as a complicated one and the geomagnetic control of ionospheric long-term trends
is the effect induced by the method used. For this reason we have simplified the method to demonstrate that
the geomagnetic control is a reality not related to the method. Now the method includes the following steps:

1. A regression of monthly median values f (foF2 or foF1) with the 11month running mean weighted F10.7,
further called Fw

f reg ¼ a0 þ a1Fw þ a2F
2
w (1)

is used to find monthly relative deviations

δf ¼ f obs � f reg
� �

=f obs (2)

Running mean weighted smoothing with an 11month gate is applied to monthly F10.7 to obtain

Fw ¼ ∑
0

k¼�5
F10:7ð Þk� 6þ kð Þ þ ∑

5

k¼1
F10:7ð Þk� 6� kð Þ (3)

An analysis has shown that Fw provides better regression accuracy (1) in a comparison with 12month running
mean sunspot number R12 earlier used in our trend analyses. Table 1 gives a comparison of the regression
accuracies when three indices—11month running mean weighted F10.7, 12month running mean F10.7,
and 12month running mean sunspot number R—were used in the regression (1). Juliusruh noon monthly
median foF2 for January, April, and June were used in this analysis.

It was also checked that an addition, either monthly or annually, or smoothed Ap indices directly to the
regression (1) does not improve the regression accuracy, the result earlier stressed by many researches.
Here we use observed monthly median foF2 and foF1 values for selected months unlike our earlier approach
[Mikhailov et al., 2002] when annual mean values were analyzed.

2. Both monthly relative deviations δf and monthly Ap indices are smoothed using running mean weighted
smoothingwith an 11year gate (expression (3)). A relationship between (δf)11y andAp11y is analyzed for summer
(June) noontime and midnight conditions. The selection of summer conditions is due to following reasons.
On one hand, due to a seasonal peculiarity of the thermospheric circulation, the geomagnetic control is best
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seen in summer. On the other
hand, the method to retrieve ther-
mospheric parameters (used for
the physical interpretation) can be
applied only to summer conditions
when F1 layer is reliably observed
by ground-based ionosondes.

3. Geomagnetic Control

Figure 1 shows the aspect of long-
term geomagnetic activity variations

on δfoF2 and δfoF1 for European Slough/Chilton (51.5°N, 359.4°E; Φ=53.6) and Juliusruh (54.6°N, 13.4°E;
Φ=54.0) stations (The absolute magnetic latitudes are taken from International Geomagnetic Reference Field
11 (http://wdc.kugi.kyoto-u.ac.jp/igrf/gggm/index.html) for the period of 2000. Ionospheric observations
are taken from Space Physics Data Interactive Resorces (SPIDR) (http://spidr.ngdc.noaa.gov/spidr/), Leibniz insti-
tute of Atmospheric Physics-Field station Juliusruh (http://www.ips.gov.au/World_Data_Centre/1/3), and the
Lowell DIDBase through Global Ionospheric Radio Observatory (GIRO) [Reinisch et al., 2004].) Two stations have
close geomagnetic latitudes and slightly different geographic ones, but this small difference, as it will be shown
later, results in different foF2 long-term variations.

In accordance with the geomagnetic control concept daytime δfoF2 11y and δfoF1 11y manifest mainly an
antiphase with Ap11y variations. Periods of increasing geomagnetic activity correspond to negative trends
in δfoF2 11y and δfoF1 11y and vice versa. For a convenience of the analysis all ups and downs in δfoF2 11y
and δfoF1 11y variations are numbered to identify them with the corresponding downs/ups in Ap long-term
variations. This correspondence sometimes is absent, but it obviously exists for the period after ~1985 which
is the most interesting for our analysis.

Figure 1. 11 year running mean weighted Ap index, Ap11y, δfoF2 11y, and δfoF1 11y long-term variations at (left column)
Slough/Chilton and (right column) Juliusruh stations. Open circles correspond to noontime while filled circles to mid-
night. Numbers at δfoF2 and δfoF1 variations are given to identify the ups and downs with the corresponding downs/ups in
the Ap index long-term variations.

Table 1. Correlation Coefficients (c.c.) and Standard Deviations (SD) of the
Regression (1) for Three Indices of Solar Activitya

Index Metric Jan Apr Jun

Fw c.c. 0.982 0.952 0.931
SD 0.529 0.479 0.278

F12 c.c. 0.979 0.946 0.927
SD 0.580 0.514 0.294

R12 c.c. 0.965 0.937 0.936
SD 0.740 0.566 0.281

aWinter, equinox, and summer months were tested. The best results are
given in bold.
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Due to the same scheme of photochemical processes in the F2 and F1 regions foF1 manifests similar foF2 long-
term variations. The similarity in foF1 and foF2 long-term variations was stressed earlier [Mikhailov, 2008]. The
correlation coefficient between δfoF2 11y and δfoF1 11y variations is 0.834 at Slough/Chilton and 0.884 at
Juliusruh with the 99% confidence level according to Fisher’s F criterion. In both cases we may speak about
anticorrelation between δfoF1,2 and Ap long-term variations during daytime hours. The mechanism of this
anticorrelation is well known—it is due to neutral composition variations under varying geomagnetic activity
[Mikhailov et al., 2002]. We will discuss these variations of neutral composition in the subsequent paper
devoted to physical interpretation.

Midlatitude F2 layer is controlled not only by neutral composition but also by thermospheric winds as well,
both depending on geomagnetic activity. This wind control is especially noticeable during nighttime hours
due to different formations mechanisms of the daytime and nighttime F2 region [Ivanov-Kholodny and
Mikhailov, 1986]. Figure 1 gives midnight δfoF2 11y variations which are seen to be mainly antiphase with
daytime δfoF2 11y ones at Slough/Chilton and in-phase at Juliusruh. This indicates different reaction of the
nighttime F2 layer to geomagnetic activity long-term variations at the two stations. In both cases the
thermospheric wind Vnx is equatorward at midnight [e.g., Buonsanto and Witasse, 1999]. It uplifts F2 layer
from the area of fast recombination promoting the conservation of the nighttime F2 layer and the accumula-
tion of plasma entering to the F2 layer from the plasmasphere. The auroral heating and so the equatorward
wind is stronger under elevated geomagnetic activity. On the contrary, a decrease of geomagnetic activity
results in Vnx decrease, descending the F2 layer at heights with faster recombination and in NmF2 decrease.
This is a well-known scheme of the nighttime midlatitude F2 layer formation [e.g., Ivanov-Kholodny and
Mikhailov, 1986]. In this case we have in-phase Ap11y /δfoF2 11y nighttime variations (Figure 1, left column).
However, the equatorward wind also carries disturbed neutral composition with low O/N2 ratio from the
auroral zone to middle latitudes. If the effect of disturbed neutral composition overpowers the effect of
the F2 layer uplifting, we have antiphase Ap11y/δfoF2 11y nighttime variations. This is seen in δfoF2 11y and
δfoF1 11y variations at Juliusruh (Figure 1, right column).

F1 layer is known to be totally controlled by photochemistry that is by neutral composition (we suppose that
solar EUV ionizing effects are removed), but daytime δfoF1 11y and nighttime δfoF2 11y demonstrate well-
pronounced in-phase variations (Figure 1, right column)—the correlation coefficient is 0.868 with the 99%
confidence level according to Fisher’s F criterion. This means that at Juliusruh the neutral composition
contribution to NmF2 is larger than the meridional wind provides even during nighttime hours unlike
Slough/Chilton. This difference may be partly attributed to slightly different magnetic inclination I= 69° at
Juliusruh and I= 66° at Slough/Chilton. The latter gives the upward wind-induced plasma drift at
Slough/Chilton larger by a 12% than at Juliusruh. This may explain the antiphase variations of δfoF2 11y with
Ap11y at Juliusruh and in phase variations at Slough/Chilton, but in both cases geomagnetic activity plays the
leading role in these variations.

Figure 2 explicitly gives the δfoF1,2 11y versus Ap11y dependence at the two stations for the recent period
after 1991. Apart from the years around 1991 and 2003 when the Ap11y dependence changes the sign

Figure 2. δfoF2 11y (triangles) and δfoF1 11y (crosses) versus Ap11y variations at two stations. Notice a similarity in variations
of the two parameters after 1997.
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increasing/decreasing (Figure 1) the inverse dependence between δfoF1,2 11y and Ap11y in accordance with
the geomagnetic control concept is clearly seen.

Two stations are seen to demonstrate a very similar type of variation after 1997 and in both foF2 and foF1
trends simultaneously. This confirms the common mechanism of the foF2 and foF1 daytime trends related
to the thermosphere neutral composition variations as it will be shown in the subsequent paper.

4. Discussion

Earlier proposed the geomagnetic control concept [Mikhailov, 2002] comes from the assumption that
observed long-term foF2 and foF1 trends are related to solar and geomagnetic activity long-term variations;
i.e., they have a natural origin rather than an anthropogenic one. It should be kept in mind that observed
long-term variations in thermospheric and ionospheric parameters, although being related, may have differ-
ent drivers. An obvious success with model simulations of neutral temperature and density long-term varia-
tions [Solomon et al., 2015, and references therein] on the basis of the CO2 concentration increase, has
stimulated researchers to explain ionospheric long-term trends using the same thermosphere greenhouse
cooling concept [Ulich and Turunen, 1997; Sharma et al., 1999; Alfonsi et al., 2001, 2002; Laštovička et al.,
2008; Qian et al., 2008, 2009; Laštovička et al., 2012; Danilov and Konstantinova, 2013; Mielich and Bremer,
2013; Roininen et al., 2015; Konstantinova and Danilov, 2015].

It is necessary to remind that the authors of the first publications on this problem [Rishbeth, 1990; Rishbeth and
Roble, 1992] were very cautious in their estimates of the ionospheric effects even under the CO2 doubled scenario.
They predicted very small changes in electron density. We are still very far from this doubled CO2 concentration in
the Earth’s atmosphere, but the magnitudes of the observed foF1 and foF2 trends are already larger than model
simulated ones.

Realizing the problems with the CO2 cooling mechanism, researchers invent schemes how to save this CO2

concept interpreting the ionospheric long-term trends. For instance, Qian et al. [2008] using TIGCM simula-
tions under doubled CO2 have shown: “that increased CO2 concentration increases electron density in the
lower regions of the ionosphere but decreases the electron density in the upper ionosphere. The transition
altitude occurs slightly below the F2 peak altitude (hmF2).” Under the selected Ne(h) profile with electron con-
centration monotonously increasing from ~ 100 km up to hmF2 (their Figure 1) this result is a trivial one. The
Ne(h) profile as a whole moves down due to the atmospheric temperature decrease and electron concentra-
tion will be larger at any fixed height below hmF2 and smaller above hmF2 even under unchanged NmF2. If the
authors took a summer type of Ne(h) profile (especially under solar minimum) with a well-pronounced F1
layer, their conclusion would be different. On the other hand, all trend analyses have been dealt with the
maximum layer parameters rather than electron density profiles—monthly median Ne(h) are just absent in
amounts sufficient for trend analyses. For this reason the Qian et al. [2008] results cannot be compared to
any observations and no comparisons are given in the paper. In fact, contrary to general opinion that trends
at F1 layer heights should be positive [Laštovička et al., 2012], Figure 1 (bottom row) manifests a pronounced
negative linear trend over the (1965–2010) period.

As far as we know there are no published attempts to simulate with physical (first-principle) models the
dependence of foF2 trends on geomagnetic latitude on the basis of the CO2 concentration increase concept.
But that was a crucial point to specify the mechanism of the F2 layer long-term trends. In Figure 3 we repro-
duce from Mikhailov [2002] the dependence of foF2 trends on invariant geomagnetic latitude for the periods
of increasing (1970–1985) and decreasing (1959–1970) geomagnetic activity. Keeping in mind the 11 year
smoothing of δfoF2, only stations with available observations for 1965–1990 and 1954–1975 could be used
for such analysis. The calculated foF2 trends show a pronounced dependence on invariant geomagnetic lati-
tude. High-latitude stations manifest the largest negative (positive) trends for rising (falling) periods of geo-
magnetic activity while low-latitude stations exhibit relatively small trends. This latitudinal dependence as
long as some other morphological features of F2 layer parameter long-term trends can be explained in the
framework of the F2 layer storm mechanism [Mikhailov and Marin, 2001; Mikhailov, 2002].

A simple straightforward method (which allows an easy control) to extract foF2 and foF1 long-term variations
from routinely observed monthly medians has been used in the present study to demonstrate once again
that the geomagnetic control is the reality rather than an effect induced by the method used. The summer
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season (June) was chosen deliberately keeping in mind the seasonal difference in the spatial distribution of
the perturbed neutral composition [Prölss and von Zahn, 1977]. In summer the [O]/[N2] disturbance zone may
extend all the way from the poles to the lower latitudes while in winter it is restricted to high latitudes only.
The effect is known to be due to the interaction of seasonal (background) and storm-induced thermospheric
circulation [Duncan, 1969; Forbes et al., 1996; Field et al., 1998].

Using the proposed method and routine foF2 and foF1 monthly median observations on two midlatitude
European stations, it was confirmed a pronounced geomagnetic control of foF2 and foF1 long-term variations
in particular for the last period after 1990 which includes the deep solar minimum in 2008–2009. One hardly
can expect a decrease of the CO2 abundance in the Earth’s atmosphere. Thus, the negative foF2 trend should
continue in accordance with the CO2 increase hypothesis. However, daytime foF2 trends following geomagnetic
activity variations turn out to be positive after 2005 (Figure 1). The same positive foF2 trend after 2005was found
at Rome (not given in this paper). Some increase of geomagnetic activity has been observed since 2010, and
one should expect a change in the sign of foF2 trends. We should wait for some years to check this prediction.

On the other hand, considering all available years with observations and without removal the effects of geo-
magnetic activity long-term variations (as usually trend researchers do), Figure 1 clearly manifests a pro-
nounced negative linear trend both in δfoF2 11y and δfoF1 11y usually discussed in literature. Whether these
trends are due to CO2 cooling or to the intensification of eddy diffusion leading to a decrease of the atomic
oxygen abundance in the thermosphere [Danilov and Konstantinova, 2014, 2016] or to some other reason(s)
—no final conclusion has been reached yet. Ionospheric foF2 and foF1 trends reflect the corresponding varia-
tions of the aeronomic parameters responsible for their formation: neutral composition and temperature,
thermospheric winds, and solar EUV. Therefore, the only way to understand physical reason(s) of the foF2
and foF1 trends is to try to retrieve these aeronomic parameters from the observed foF2 and foF1 long-term
variations themselves. Thermospheric neutral composition and temperature are the most crucial parameters
in the whole long-term trend problem, and their variations should be analyzed first of all. An attempt to do
this is undertaken in the subsequent paper.

5. Conclusions

The analysis of foF2 and foF1 long-term variations at Slough/Chilton and Juliusruh stations has been per-
formed for summer (June) month for the period including the last deep solar minimum 2008–2009. A new
very simple method allowing an easy control has been applied to extract foF2 and foF1 long-term (11 years)
variations from routine monthly median observations. It was shown:

1. The geomagnetic control of the foF2 and foF1 long-term variations is still valid in the 21st century.
Moreover, the dependence on geomagnetic activity has become more pronounced and explicit both in
foF2 and foF1 long-term variations after 1990. In accordance with the geomagnetic control concept, the
decreasing/increasing periods in daytime δfoF2 and δfoF1 long-term variations correspond to the
increasing/decreasing phases in geomagnetic activity long-term variations.

Figure 3. Latitudinal dependence of the daytime foF2 trends for the periods of rising and falling geomagnetic activity.
Slope K (in 10�4 per year) of linear trend for δfoF2 11y is detected for the periods in question [from Mikhailov, 2002].

Journal of Geophysical Research: Space Physics 10.1002/2016JA022715

PERRONE AND MIKHAILOV LONG-TERM TRENDS IN THE IONOSPHERE 8



2. A simultaneous analysis of foF2 and foF1 long-term variations improves the reliability of the obtained
conclusions and helps understand physical mechanisms of these variations. Due to the common neutral
composition and the similarity of photochemical processes noontime foF2 and foF1 should demonstrate
similar long-term variations. This was confirmed by our analysis: the correlation coefficient between
δfoF2 11y and δfoF1 11y variations is 0.834 at Slough/Chilton and 0.884 at Juliusruh with the 99% confidence
level according to Fisher’s F criterion.

3. Midnight long-term foF2 variations also demonstrate a pronounced dependence on Ap11y but according
to the theory of the F2 layer in the night, this control is provided via the equatorward thermospheric wind
plus neutral composition. Depending on the efficiency of the vertical plasma transfer by the wind, one
may observe in-phase δfoF2 11y/Ap11y variations like at Slough/Chilton or antiphase δfoF2 11y/Ap11y
variations like at Juliusruh. In the first case one may think that wind dominates over neutral composition,
and in the second one dominates neutral composition.
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