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Abstract Interminimum changes of June noontime monthly median foF1 were analyzed for European and
Japanese ionosonde stations over the period of five (Moscow six) solar cycles. The magnitude of these
changes is different at different stations and depends on the solar minima considered. In particular, both
European and Japanese stations manifest a pronounced foF1 change between 1996/1997 and 2008/2009
solar minima, the latter being the deepest one. For the first time, the total EUV solar flux with λ ≤ 1,050 Å has
been retrieved for the 1946–2015 period using observed June monthly median foF1. The deep solar
minimum in 2008/2009 was the lowest one among the last six solar cycles comparing the retrieved EUV. The
change from 1996/1997 to 2008/2009 in the retrieved EUV is ~2.0%, and this is much less than the difference
of ~10–12% being discussed in the literature. A 10% interminimum change in the total EUV flux results in
neutral temperature and gas density, which are larger in 2008 than in 1996, and this contradicts the satellite
drag neutral gas density observations. Themechanism of foF1 interminimum changes is based on an interplay
between molecular (NO+ and O2

+) and O+ ions. The main contribution (>72%) to the interminimum NmF1
change provides [M+] ions via the total ion production rate variation, the rest is provided via O+ ions. The
absence (or inversed) difference in foF1 between 1996 and 2008minima implies that neutral temperature and
density are larger in 2008 than in 1996, and this contradicts the satellite drag observations.

1. Introduction

The difference between two solar minima in 1996 and 2008/2009 is widely discussed in the literature.
Ionospheric effects are mainly analyzed using total electron content (TEC) or foF2 observations (Araujo-
Pradere et al., 2011; Chen et al., 2011; Didkovsky & Wieman, 2014; Emmert et al., 2014, 2017; Huang et al.,
2017; Jee et al., 2014; Liu et al., 2011, 2012; Qian et al., 2014; Solomon et al., 2013). However, the results
obtained by various authors look as contradictory to a great extent. Contrary to large interminimum changes
in neutral gas density inferred from satellite drag observations, TEC manifests very small or even inverse
changes with an increase to 2008. This is explainable as TEC mainly reflects the F2-region contribution, but
the formation mechanism of the F2 layer is rather complicated. The reaction of neutral gas density and foF2
to geomagnetic activity variations is different: the former always increases under increasing geomagnetic
activity while the latter demonstrates both positive and negative deviations depending on season, local time,
latitude, and the level of geomagnetic activity. Ionospheric F2 layer is strongly controlled by dynamical pro-
cesses via winds and electric fields that maymask the variations related to the interminimum changes in solar
EUV and thermospheric parameters. Apart from this, the plasmaspheric contribution to TEC is also essential as
the plasmasphere lives its own life being not directly related to the underlying F2 region. For these reasons,
TEC and foF2 are not very appropriate ionospheric characteristics to analyze the interminimum variations in
relation to the variations in thermospheric parameters. From this point of view, foF1 looks much better, as
it is totally dependent on solar EUV and the ambient neutral composition and temperature. However, there
are problems with foF1 as well. The F1 region is a daytime formation, and any analysis is confined by sunlit
hours. The observations indicate very small (if any) interminimum foF1 variations (Lee, 2016) while solar
EUV and the thermospheric neutral gas density manifest a well-detectable decrease in the last deep
solar minimum.

SOHO/Solar EUV Monitor (SEM) He II (λ = 304 Å) irradiance observations indicate a decrease of 12 ± 4% in the
2008/2009 solar minimum compared to that in 1996 (Didkovsky & Wieman, 2014). An interminimum EUV
change of 0% to �6% was estimated by Emmert et al. (2014), but later, their estimate is of �6% to �13%
(Emmert et al., 2017). According to Solomon et al. (2011), the decrease in solar EUV varies from 4% (based

MIKHAILOV AND PERRONE 1

PUBLICATIONS
Journal of Geophysical Research: Space Physics

RESEARCH ARTICLE
10.1002/2017JA024831

Key Points:
• Interminimum foF1 changes do exist
at middle latitudes

• The 1997/2008 interminimum change
in foF1 corresponds to a 39% decrease
in ρ at 300 km

• Solar EUV change from 1997 to 2008 is
less than 10%

Correspondence to:
L. Perrone,
loredana.perrone@ingv.it

Citation:
Mikhailov, A. V., & Perrone, L. (2018).
Interminimum foF1 differences and their
physical interpretation. Journal of
Geophysical Research: Space Physics, 123.
https://doi.org/10.1002/2017JA024831

Received 6 OCT 2017
Accepted 9 DEC 2017
Accepted article online 15 DEC 2017

©2017. American Geophysical Union.
All Rights Reserved.

http://orcid.org/0000-0003-4335-0345
http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-9402
http://dx.doi.org/10.1002/2017JA024831
http://dx.doi.org/10.1002/2017JA024831
mailto:loredana.perrone@ingv.it
https://doi.org/10.1002/2017JA024831


on the F10.7 index) to 10% (based onMgII c/w) and to 15% (based on SEMmeasurements). Their later estimate
of the EUV decrease is approximately �10% (Solomon et al., 2013). The adjusted SEM data also give an
approximately�10% reduction in 2008 compared to that in 1996 (Huang et al., 2017). It should be noted that
interminimum changes in individual lines and spectral intervals may differ from the change in the total EUV
solar flux responsible for the F region ionization.

Thermospheric parameters demonstrate large interminimum changes from 1996 to 2008/2009. Satellite drag
observations indicate a 36% neutral gas density decrease (Emmert et al., 2014), and a ~40 K decrease in Tex is
expected from model simulations (Solomon et al., 2010). Further analyses by Emmert et al. (2017) gave the
interminimum change of �27.7% at 275 km in global mass density.

Thus, we have well-pronounced interminimum changes in solar EUV and thermosphere parameters, while
foF1 variations are very small. An attempt to answer this question was undertaken by Lee (2016). He has ana-
lyzed observations on 14 midlatitude and low-latitude ionosonde stations and found no differences in foF1
between two solar minima in 1996 and 2008. Then a simplified approach based on the classical Chapman
theory (Chapman, 1931) was used for the interpretation. However, a direct comparison of foF1 at the
European and Japanese stations with manual ionogram scaling indicates a difference between the two
minima. On the other hand, the classical Chapman theory is not applicable to F1 layer as this layer does
not correspond to basic principles of this theory; namely, F1 layer is produced by nonmonochromatic EUV
radiation, and two types of recombination (linear and quadratic) control the loss process.

Therefore, it has sense to reanalyze the observed foF1 interminimum changes and to understand physical rea-
sons of the observed differences using reliable foF1 observations in Europe and Japan. In this analysis, we are
using a consistent set of neutral composition, temperature, and solar EUV retrieved from the observed
monthly median foF1 variations in accordance with our method (Mikhailov & Perrone, 2016a). So there is a
possibility to explain the observed interminimum foF1 changes using the present-day theory of the F1 layer
formation. Moreover, the retrieved EUV and thermospheric parameter interminimum changes may be com-
pared to the results of analogues considerations and to check whether there is an internal agreement
between the aeronomic parameter interminimum changes inferred from different sources.

The aims of this paper may be formulated as follows:

1. To analyze available June monthly median foF1 observations at European (Juliusruh, Slough/Chilton,
Rome, and Moscow) and Japanese (Wakkanai, Kokubunji, and Okinawa) ionosonde stations considering
foF1 interminimum changes.

2. Using neutral composition, temperature, and the total solar EUV flux with λ < 1,050 Å retrieved from the
observed foF1 variations to give physical interpretation to the foF1 interminimum changes.

3. To compare the retrieved neutral gas density and solar EUV interminimum changes with the published
estimates of other interminimum analyses.

2. Observations

In our analysis we are considering June noontime monthly median foF1 at four European Slough/Chilton
(51.5N; 359.4E), Juliusruh (54.6N; 13.4E), Rome (41.9N; 12.5E), Moscow (55.5N; 37.3E), and three Japanese
Wakkanai (45.4N; 141.7E), Kokubunji (35.7N; 139.5E), Okinawa (26.3N; 127.8E) ionosonde stations with manual
ionogram scaling. Okinawa (geomagnetic latitude Φ ≈ 17N) is located in the crest of the equatorial anomaly
and may demonstrate variations different from midlatitude stations. Ionospheric observations were taken
from the SPIDR (http://spidr.ngdc.noaa.gov/spidr/), the Leibniz Institute of Atmospheric Physics Field
Station Juliusruh (http://www.ips.gov.au/World_Data_Centre/1/3), from the Lowell DIDBase through GIRO
(Reinisch et al., 2004), directly from Rome and Moscow ionosondes, and from the NICT of Japan. It should
be noted that different sources may give not coinciding foF1 values. We are using June noontime observa-
tions for the following reasons. On one hand, F1 layer is a daytime formation best presented on ionograms
in summer. On the other hand, our method to retrieve thermospheric parameters using foF1 observations
is applicable only to daytime summer conditions.

Observed solar cycle monthly median foF1 variations at European and Japanese stations are given in Figure 1.
Interminimum differences are clearly seen at particular stations; however, for better visualization, the
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observed foF1 variations at each station were reduced by the solar zenith angle to the same latitude 50N in
Europe and 36N in Japan, and 12 LT using a well-known dependence foF1 ~ cos(χ)0.2 (Rishbeth & Garriott,
1969). Then reduced foF1 were averaged to give mean foF1 value for each year. These mean foF1 variations
are given in Figure 1 (bottom panels).

Average solar cycle foF1 variations (Figure 1, bottom panels) clearly manifest the difference between
1996/1997 and 2008/2009 solar minima in both sectors contrary to the Lee (2016) conclusion. Moscow is
the only European station with available foF1 observations since 1946.

European stations as well as Wakkanai provide foF1 observations without gaps for five solar cycle minima, and
they can be used for the analysis of interminimum changes. The minima in five solar cycle foF1 values along
with corresponding 3 month mean F10.7 for June are given in Table 1.

Table 1 indicates that European stations andWakkanaimanifest similar interminimum foF1 variations. Themini-
mal foF1 took place in 2008/2009 while the largest foF1 were observed in 1964/1965; the difference is ~4.5%
(~9% in NmF1) in Europe and ~3.5% (~7% in NmF1) at Wakkanai although June (F10.7)3mon value in 1964/1965
was not the largest. The difference in foF1 between the two minima in 1996/1997 and in 2008/2009 is ~1.9%
(~3.7% in NmF1) both in Europe and atWakkanai. The interminimumdifferences in foF1 although they are small
should be seen in the aeronomic parameters responsible for the formation of the F1 layer.
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Figure 1. Noontime June monthly median foF1 variations at (left top panel) four European and (right top panel) three
Japanese stations. (bottom panels) Mean foF1 variations obtained after the reduction by solar zenith angle. The error
bars indicate the ±mean deviations.

Table 1
Minima in Five Solar Cycles foF1 (and NmF1) Values Along With 3 Month F10.7 Using Average foF1 Observations Over Four European Stations and at Wakkanai, Japan

Years 1964/1965 1975/1976 1985/1986 1996/1997 2008/2009

(F10.7)3mon 68.5/76.5 (72.5) 72.3/69.6 (70.9) 78.3/70.1 (74.2) 70.3/72.5 (71.4) 66.7/69.1 (67.9)
Europe average foF1 (MHz) 4.37/4.44 (4.40) 4.27/4.31 (4.29) 4.33/4.28 (4.30) 4.30/4.29 (4.29) 4.19/4.24 (4.21)
NmF1 × 105 (cm�3) 2.40 2.28 2.29 2.28 2.20
Wakkanai foF1 (MHz) 4.30/4.40 (4.35) 4.30/4.35 (4.32) 4.30/4.20 (4.25) 4.28/4.28 (4.28) 4.16/4.24 (4.20)
NmF1 × 105 (cm�3) 2.35 2.31 2.24 2.27 2.19

Note. Mean of 2 year values are given in parentheses.
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3. Thermospheric Parameter Interminimum Variations

The method by Mikhailov and Perrone (2016a) to retrieve a self-
consistent set of aeronomic parameters (neutral composition O, O2,
N2, and exospheric temperature, Tex) as well as the total solar EUV flux
with λ< 1,050 Å was applied to June monthly median foF1 observed at
the abovementioned ionospheric stations. Exospheric temperature Tex,
atomic oxygen concentration [O], neutral gas density ρ, and solar EUV
flux were calculated for six solar minima: 1953/1954, 1964/1965,
1975/1976, 1985/1986, 1996/1997, and 2008/2009. Mean of 2 year
values were used for further steps. The analysis has shown that all
aeronomic parameters manifest the minimal values in the 2008/2009

solar minimum. For this reason, we have normalized all other minima by this one using the [O]/[O]min and
ρ/ρmin ratios and the Tex � (Tex)min difference. The same procedure for a comparison was applied to MSIS-
86 (Hedin, 1987) model values. Atomic oxygen and neutral gas density were taken at 300 km. We take
300 km rather than 400 km usually used for mass density trend analyses (e.g., Emmert, 2015) for the following
reason. The contribution of He to the neutral gas density may be essential at 400 km under solar minimum,
but this contribution cannot be properly taken into account in our method, so the retrieved neutral gas den-
sity includes three species ρ = m1[O] + m2[O2] + m3[N2].

Changes in the retrieved Tex, [O]300, and ρ300 from 1996/1997 to 2008/2009 at all stations are given in Table 2.
Midlatitude stations manifest the temperature change of 25–60 K and the change of 10–40% in neutral gas
density. The low-latitude station, Okinawa, practically does not demonstrate any interminimum variations.

For better visualization, Figure 2 gives the interminimum changes for six solar minima at two (as an example)
European (Rome and Moscow) and two Japanese (Wakkanai and Kokubunji) stations.

Figure 2 shows that the retrieved interminimum changes of the thermospheric parameters are different at
different stations unlike the MSIS-86 changes (right column), which are practically the same at different lati-
tudes and in two longitudinal sectors. Moreover, the magnitude of the retrieved changes is larger than those
of the model.

The interminimum variations of the retrieved thermospheric parameters mainly reflect the corresponding
variations in (F10.7)3mon. In general, a pronounced negative trend is seen in Tex, [O], and ρ considering six solar
minima (Figure 2), which is mainly due to low values in the last deep solar minimum. The same tendency is
seen in MSIS-86 model variations, which is driven by solar F10.7 and geomagnetic Ap activity indices. This
negative trend in the thermospheric parameters was earlier discussed by Mikhailov and Perrone (2016b). It
is due to a combined effect of decreasing solar and geomagnetic activity after 1985/1986, and it has nothing
to do with the CO2 increase in the Earth’s atmosphere.

4. A Mechanism of foF1 Interminimum Changes

The formation mechanism of the midlatitude daytime F1 ionospheric layer is well established by now. The list
of processes includes photoionization of neutral [O], [O2], and [N2] species by solar EUV with λ< 1,050 Å and
plasma recombination in the chain of ion–molecular reactions.

Our model includes photochemical processes for O+(2D), O+(2P), O2
+(X2∏), N+, N2

+, and NO+ ions in the 150–
210 km height range. A two-component model of the solar EUV from Nusinov (1992) is used to calculate
photoionization rates in 48-wavelength intervals 10–1,050 Å at the beginning of the retrieval process. The
photoionization and photoabsorption cross sections are obtained from Torr et al. (1979), Richards and Torr
(1988), and Richards et al. (1994) and from Ivanov-Kholodny and Nikoljsky (1969) for X-ray emission. The
scheme of photochemical processes was earlier tested using AE-C observations for solar minimum conditions
(Mikhailov et al., 1989). A comparison of calculated O+, O2

+, N2
+, N+, NO+, and Ne concentrations to the

observed ones with the magnetic ion mass spectrometer (Hoffman et al., 1973) gave mean relative devia-
tions: 0.98 ± 0.23, 0.99 ± 0.21, 0.98 ± 0.17, 1.07 ± 0.2, 1.02 ± 0.16, and 1.02 ± 0.09, correspondingly, for the
mentioned ion species in the 150–190 km height range. Later, some improved reaction rate constants from
Hierl et al. (1997) and Richards (2011) were added to the scheme of calculations. To avoid misunderstanding,

Table 2
Differences in the Retrieved Tex, [O]300, and ρ300 Between 1996/1997 and 2008/
2009 (See Figure 2)

Station ΔTex (K) δ[O]300 (%) δρ300 (%)

Moscow 45 25 31
Juliusruh 41 14 21
Rome 53 25 32
Slough 53 21 24
Wakkanai 25 6 10
Kokubunji 58 36 41
Okinawa 13 0 0
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it should be stressed that in our self-consistent method (Mikhailov & Perrone, 2016a), neutral composition (O,
O2, and N2 concentrations), exospheric temperature Tex, and the total solar EUV flux with λ < 1,050 Å are
found from observed foF1 variations rather than taken from any empirical models.

Electron and ion temperatures are not the parameters that are of our main interest especially under solar
minimum, but they are used in the rate constants of chemical reactions and should be specified anyway.
Electron thermal conductivity is not efficient at F1 region heights, and only local heating and cooling pro-
cesses for electron gas were considered (Banks & Kockarts, 1973; Munninghoff, 1979). Depending on the
(Te � Ti) and (Te � Tn) sign, some processes may work as heating or cooling the electron gas, and they are
prescribed either to heating or cooling terms in the thermal energy equation. Equating the ion thermal
energy input from electron–ion collision to that lost through collisions with neutral particles, an approximate
expression for the ion temperature can be obtained ignoring thermal conduction (Banks & Kockarts, 1973):

T i ¼ Tn þ αNe=Nnð ÞT�1=2
e

1þ αNe=Nnð ÞT�3=2
e

where α ≈ 6 × 106 and Nn is the neutral gas number density.

Along with suchmodel calculations that provide the results analyzed below, we use for an obvious interpreta-
tion a simple analytical expression for electron concentration in the F1 region fromMikhailov & Schlegel (2003):

Ne ¼ q Oþð Þ
β

þ q
aaveNe

(1)

where q(O+) is [O+] ion production rate, β = γ1[Ν2] + γ2[Ο2] is the linear loss coefficient,

Figure 2. Retrived interminimum changes in (Tex� (Tex)min), [O]/[O]min, and ρ/ρmin at 300 km. (right column) The MSIS-86
model differences are used for a comparison. Minimal values used for the reduction correspond to June solar minimum
2008/2009 period. Filled and open cycles in right panels are 3 month F10.7 for June and monthly Ap indices.
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q = q(O+) + q(M+) = αave[M
+]Ne, [M+] = [NO+] + [O2

+], αave ¼ α1
NOþ½ �
Mþ½ � þ

α2
Oþ
2½ �

Mþ½ � is the average-weighted dissociative recombination rate coeffi-

cient, and αi is the dissociative recombination rate coefficients for
NO+ and O2

+ ions.

The first term in equation (1) presents the [O+] ion concentration, and
the second term presents the concentration of molecular [M+] ions. A
comparison with the model calculations, when the complete set of per-
tinent processes is taken into account, has shown that equation (1) may
be used for physical interpretation (Mikhailov & Schlegel, 2003).

4.1. Solar EUV Flux Variations

First, let us consider solar EUV variations as this is the basic aeronomic
parameter responsible for the ionosphere formation. The retrieved
solar EUV flux variations at seven European and Japanese stations for
years with available foF1 observations are given in Appendix A
(Table A1) and for four European stations in Figure 3 (top panel; as an
example). Moscow manifests the longest series of EUV data—since
1946. All stations demonstrate very close variations (as it is supposed)
although these stations are not related to each other by any means.
Small error bars around the averaged variations over all the seven sta-
tions (Figure 3, bottom panel) confirm the closeness of the retrieved
EUV fluxes at all stations (see also Table A1 in Appendix A). This result
tells us that the method by Mikhailov and Perrone (2016a) works and
provides reasonable results.

An additional and absolutely independent control of the method per-
formance provides a comparison with the EUVAC model by Richards
et al. (1994), which has nothing to do with the retrieval process. The
comparison manifests a good coincidence (dashes in Figure 3, bottom
panel); some differences are only seen during solar maxima, which are
not considered in the present analysis.

Table 3 gives a comparison of the retrieved (Table A1, Appendix A) average and EUVAC model by Richards
et al. (1994) with total solar EUV fluxes for the years of six solar minima. The level of solar activity is presented
by 3 month F10.7 and by ((F10.7)mon + (F10.7)3mon)/2; the latter is used as the input solar activity index to the
EUVAC model. The deep and widely discussed solar minimum in 2008/2009 was really the lowest one among
the last six solar cycles. This is seen both in the retrieved EUV and in the solar indices (Table 3). On the other
hand, the largest EUV flux took place in 1965, although solar index (F10.7)3mon was not the largest that time.
This is a well-known problem—whether F10.7 indices properly describe the EUV variations (Chen et al., 2011;
Solomon et al., 2011, 2013). A direct comparison of the retrieved EUV to 3 month F10.7 (Table 3, upper lines)
indicates the absence of any statistically significant dependence due to a large scatter of points. This takes
place for both (F10.7)3mon and ((F10.7)mon + (F10.7)3mon)/2 indices, which are very close (Table 3).
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Figure 3. Retrieved solar cycle variations of the total EUV flux with λ < 1,050 Å
using June foF1 observations at (top panel) four European ionosonde stations.
(bottom panel) Averaged EUV variations over the seven stations in comparison
with the EUVAC model by Richards et al. (1994). The error bars indicate the
±mean deviations obtained after averaging over the seven stations. Asterisks
indicate the retrieved average EUV flux for years of solar minimum in an
enlarged scale in the bottom panel.

Table 3
Average From Table A1 (Appendix A) and EUVAC (Italic) Total Solar EUV Fluxes (in 1010 ph cm�2 s�1) for June of the Years of Six Solar Minima Along With 3 Month F10.7
and ((F10.7)mon + (F10.7)3mon)/2

Years 1953/1954 1964/1965 1975/1976 1985/1986 1996/1997 2008/2009

(F10.7)3mon 71.8/67.7 (69.7) 68.5/76.5 (72.5) 72.3/69.6 (70.9) 78.3/70.1 (74.2) 70.3/72.5 (71.4) 66.7/69.1 (67.9)
Average EUV 4.81/5.13 (4.97) 5.06/5.32 (5.19) 5.09/5.06 (5.07) 4.96/5.03 (4.99) 5.09/4.91 (5.00) 4.85/4.96 (4.90)
((F10.7)mon + (F10.7)3mon)/2 72.4/67.5 (69.9) 68.7/76.7 (72.7) 71.0/70.1 (70.5) 77.2/68.9 (73.0) 69.9/72.1 (71.0) 66.3/68.8 (67.5)
EUVAC 4.92/4.77 (4.84) 4.80/5.10 (4.95) 4.87/4.84 (4.85) 5.12/4.80 (4.96) 4.83/4.91 (4.87) 4.74/4.80 (4.77)

Note. Values in parentheses are mean of the 2 years of solar minimum.
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However, the 2 year mean (F10.7)3mon and the retrieved EUV fluxes normalized by the values in the last deep
2008/2009 solar minimummanifest a linear dependence at least for the first three solar minima (Table 4), but
this dependence breaks down in 1985/1986: a 9% decrease in (F10.7)3mon from 1985/1986 to 2008/2009 cor-
responds to a 2% decrease in EUV, and this proportion is not kept for the next 1996/1997 minimum.

Table 4
Two Year Mean (F10.7)3mon for June and the Retrieved EUV Fluxes (in 1010 ph cm�2 s�1) Along With the Parameters
Normalized by the Values in 2008/2009

Years (F10.7)3mon 2 year mean EUV Normalized (F10.7)3mon Normalized EUV

1953/1954 69.7 4.97 1.03 1.01
1964/1965 72.5 5.19 1.07 1.06
1975/1976 70.9 5.07 1.04 1.03
1985/1986 74.2 4.99 1.09 1.02
1996/1997 71.4 5.00 1.05 1.02
2008/2009 67.9 4.90 1.00 1.00
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Figure 4. Height profiles of calculated Ne, [O+], [M+], and the total ion production rate, SumQ, for noontime of June 1996
and 2008 at Rome and Moscow. Open symbols correspond to 1996 while filled to 2008. The hmF1 height is indicated with
dashes.
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The change from1996/1997 to 2008/2009 in the retrieved EUV is ~2.0%, and EUVACgives the change of ~2.1%
(Table 3). The closeness of the two absolutely independent estimates looks interesting. It should be noted that
this interminimum EUV flux difference is much less than a 10% difference with that estimated by Solomon
et al. (2013) and Huang et al., (2017), 12 ± 4% difference with that obtained by Didkovsky & Wieman (2014),
and from 6% to 13% difference with the recent estimate by Emmert et al. (2017); however, it is close to the
earlier estimate of 0–6% by Emmert et al. (2014). In section 5, it will be shown that a 10% interminimum

EUV flux difference results in neutral gas density change, which does
not agree with the satellite drag neutral gas density observations.

4.2. Model Calculations

Let us analyze the results of model calculations. We will compare the
1996/2008 interminimum differences at two European Rome and
Moscow and two Japanese Wakkanai and Kokubunji stations located
at different latitudes in two longitudinal sectors. These two solar
minima are widely discussed in the literature in relation with the EUV
and neutral gas density interminimum changes. Figure 4 gives calcu-
lated Ne, [O+], and [M+] height profiles at Rome and Moscow for June
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Figure 5. Same as Figure 4 but for Wakkanai and Kokubunji.

Table 5
Share of [M+] and [O+] Ions in NmF1 and the Contribution of Δ[O+] and Δ[M+] to
the Total Interminimum Change in NmF1 at European and Japanese Stations

Station

Contribution
of [M+] to
NmF1 (%)

Contribution
of [O+] to
NmF1 (%)

Contribution
of Δ[M+] to
ΔNmF1 (%)

Contribution
of Δ[O+] to
ΔNmF1 (%)

Rome 81 19 75 25
Moscow 84 16 72 28
Wakkanai 87 13 98 2
Kokubunji 83 17 ~100 ~0
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1996 and 2008 at 12 LT. Similar results for Wakkanai and Kokubunji are
given in Figure 5.

Figures 4 and 5 show that F1 layer peak is mainly (>80%) composed of
molecule [M+] ions while the contribution of [O+] ions is less than 20%
at all the stations considered. Figures 4 and 5 tell us that F1 layer max-
imum is formed much higher than the maximum of the total ion pro-
duction rate. The EUV absorption effects (the bend in the SumQ
profile) are seen only below hmF1. We have mentioned this to stress
the difference of the F1 layer from the classical Chapman layer
(Chapman, 1931); the basic principles of this theory were used by Lee
(2016) for the interpretation of foF1 interminimum changes.

Table 5 gives the share of [M+] and [O+] ions to NmF1 and the contribu-
tion of Δ[O+] and Δ[M+] to the total interminimum change in NmF1 for
the stations in Figures 4 and 5.

Table 5 shows that the share of [M+] and [O+] ions in NmF1 is about the same in the two longitudinal sectors,
but [O+] is more variable, and its contribution to interminimum NmF1 variations is larger in the European sec-
tor although the main contribution to ΔNmF1 provide [M+] ions.

According to expression (1), [M+] depends on the total ion production rate and the average-weighted disso-
ciative recombination rate. The interminimum change of the latter is very small (<1%); therefore, the main
contribution provides the total ion production rate, SumQ (Figures 4 and 5, left panel).

5. Discussion

The midlatitude ionospheric F1 layer is totally dependent on solar EUV and the ambient thermosphere.
Thermospheric parameters are different at different stations; therefore, even under the same EUV solar flux,
interminimum changes will be different at different stations (Figure 1, top panel). Normally, thermospheric
parameters are not known for specific geophysical conditions (only empirical model values are available),
and without this information, any analysis of the interminimum foF1 changes will be incomplete. Our recently
developed self-consistent approach to the analysis of thermospheric and ionospheric parameter variations
(Mikhailov & Perrone, 2016a) allows us to retrieve from the observed foF1 a self-consistent set of thermo-
spheric parameters as well as solar EUV with λ< 1,050 Å for given geophysical conditions and to understand
at the quantitative level the mechanism of the observed foF1 variations.

First, our analysis of June foF1 variations observed at European and Japanese stations for the period of five to
six solar cycles has shown that contrary to the conclusion by Lee (2016), interminimum foF1 changes do exist
and their magnitude depends on the station and the analyzed period. The minimal foF1 were observed in
2008/2009 while the maximal foF1 were in 1964/1965 solar minima.

Table 6 gives the observed noontime monthly median foF1 at the ana-
lyzed European and Japanese stations for the years of the last two solar
minima. Boulder and Point Arguello are added as an example of stations
where no or inversed interminimum foF1 differences were observed.

Lee (2016) has considered 1996 and 2008 and found that “the monthly
medians of foF1 for these two years are equal in magnitude.” Table 6
shows that foF1 in 1996 are systematically higher than in 2008. Yes,
the magnitude of foF1 changes is not large, but F1 layer is a rather stable
formation due to physics of this ionospheric layer. However, these rela-
tively small foF1 changes from 1996/1997 to 2008/2009 correspond
(depending on station) to a 25–60 K difference in Tex and to a
10–40% difference in neutral gas density. Emmert et al. (2014, 2017)
have revealed a similar decrease in global neutral gas density compar-
ing the two last solar minima.

Table 6
Noon June Monthly Median foF1 for the Years of the Last Two Solar Minima

Station 1996 1997 2008 2009

Rome 4.37 4.36 4.23 4.20
Juliusruh 4.25 4.25 4.15 4.22
Chilton 4.32 4.30 4.24 4.31
Moscow 4.20 4.20 4.10 4.20
Wakkanai 4.28 4.28 4.16 4.24
Kokubunji 4.40 4.48 4.25 4.28
Okinawa 4.44 4.52 4.28 4.42
Boulder — 4.10 — 4.33
P. Arguello 4.30 — 4.30 —

Note. Years analyzed by Lee (2016) are given in bold. Dashes in Boulder and
Point Arguello mean the absence of observations.

Table 7
Retrieved Tex and ρ300 at Boulder (in Bold) for June 1997 and 2009 in a
Comparison With the Results for European and Japanese Stations

Station

1997 2009

Tex (K) ρ300 (10
�15 g cm�3) Tex (K) ρ300 (10

�15 g cm�3)

Boulder 851 8.381 873 10.61
Moscow 857 11.49 753 6.338
Juliusruh 830 9.232 793 7.922
Rome 792 8.024 731 5.976
Slough 841 9.513 768 6.297
Kokubunji 800 8.469 738 6.012
Wakkanai 800 7.421 763 6.292
Okinawa 751 6.376 752 6.812
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However, it is possible to find stations with close foF1 in 2008/2009 and in 1996/1997, for instance, Point
Arguello, or even inversed relationship between the two minima as this takes place in Boulder (Table 6).
The retrieved Tex and ρ300 at Boulder for June 1997 and 2009 in a comparison with the results on other sta-
tions are given in Table 7.

Boulder unlike other stations manifests Tex and ρ300 that are larger in 2009 than in 1997.

Obviously, this is due to foF1 values (low in 1997 and large in 2009) automatically scaled at Boulder. Okinawa
(although foF1 are manually scaled) also gives ρ300 that are larger in 2009 than in 1997, but this difference is
much less than in Boulder. Therefore, the accuracy of foF1 observations is crucial for the interminimum
changes analysis. Under decreasing EUV from 1996/1997 to 2008/2009 (Figure 3 and Table 2) and keeping
in mind the F1-layer formation mechanism, foF1 in 2008/2009 should be less than that in 1996/1997. All cases
with equal foF1 or inversed relationship in foF1 for the two periods should be attributed to problems with the
experimental determination of monthly median foF1.

Both satellite drag observations by Emmert et al. (2014, 2017) and our self-consistent estimates indicate a
decrease in neutral gas density comparing the 1996/1997 to 2008/2009 solar minima. A quantitative compar-
ison of these two estimates hardly would be correct as Emmert et al. (2014, 2017) give a global mean
decrease in neutral gas density while we can estimate only local (noontime, June, particular ionosonde sta-
tions) neutral gas density variations. An average decrease of neutral gas density from 1996 to 2008 estimated
over the seven stations is around 20% at 300 km height. This is comparable to the recent estimate of 27.7%
decrease in global mean neutral gas density at 275 km (Emmert et al., 2017). However, our ~20% decrease
was obtained under a ~2% decrease in solar EUV in 2008 compared to that in 1996. This interminimum
EUV change is much less than may be found in the literature: ~10% (Solomon et al., 2013; Huang et al.,
2017), 12 ± 4% (Didkovsky & Wieman, 2014), and from 6% to 13% (Emmert et al., 2017) for the EUV flux
change from 1996 to 2008. Therefore, it would be interesting to check the effect of a ~10% interminimum
change in the total EUV solar flux. Special runs for 2008 with the EUV flux that decreased by 10% with respect
to 1996 were done for Slough, Moscow, and Wakkanai located in different longitudinal sectors. The expected
result was obtained: exospheric temperature, Tex, and neutral gas density, ρ300, have increased with respect
to those in 1996 (Table 8).

Such interminimum Tex and ρ300 variations contradict the satellite drag observations by Emmert et al. (2014,
2017) indicating a decrease of Tex and ρ300 in 2008 relative to 1996.

The obtained result is explainable. To match the observed foF1 under strongly decreased (by 10%) EUV, the
ionized neutral species concentrations should be increased. With our method, this is achieved by an increase
of neutral temperature (Table 8). Keeping in mind that the F1 layer maximum is formed at heights larger than
the height of themaximum ion production rate (Figures 4 and 5), the effects of EUV absorption (related to the
Tex increase) are not very essential at the hmF1 height. Therefore, it is possible to conclude that the EUV flux
interminimum change from 1996 to 2008 should be less than 10%. Acceptable results are obtained with a 2%
interminimum change, which coincides with the EUVAC model (Richards et al., 1994) prediction.

6. Conclusions

The results of the undertaken analysis may be formulated as follows:

1. European and Japanese June noontime monthly median foF1 observations manifest interminimum
changes over five (Moscow six) solar minima. The magnitude of these changes is different at different

Table 8
Retrieved Tex and ρ300 for June 2008 with EUV Flux Decreased by 10% With Respect to 1996

Station

1996 2008

Tex (K) ρ300 (10
�15 g cm�3) Tex (K) with �10% EUV

ρ300 (10
�15 g cm�3)

with �10% EUV

Slough 776 6.773 856 10.50
Moscow 769 6.160 819 8.334
Wakkanai 787 6.997 816 7.852
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stations and depends on the solar minima considered. After the reduction by solar zenith angle and foF1,
averaging both European and Japanese stations indicate a pronounced difference between 1996/1997
and 2008/2009 solar minima.

2. The minimal foF1 were reached in 2008/2009 while the largest foF1 were observed in 1964/1965; the dif-
ference is ~9% in NmF1 in Europe and ~7% in NmF1 at Wakkanai. The difference in foF1 between the
1996/1997 and 2008/2009 solar minima is ~3.7% in NmF1 both in Europe and at Wakkanai.

3. For the first time using observed June monthly median foF1, the total EUV solar flux with λ ≤ 1,050 Å has
been retrieved for the 1946–2015 period. The deep and widely discussed solar minimum in 2008/2009
was really the lowest one among the last six solar cycles. The largest EUV flux took place in 1965 although
solar indices were not the largest that time. No statistically significant relationship between the retrieved
EUV and 3 month F10.7 was found considering six solar minima.

4. The change from 1996/1997 to 2008/2009 in the retrieved EUV is ~2.0%. This coincides with the EUVAC
(Richards et al., 1994) model predictions, both being much less than the estimate of ~10–12% discussed
in the literature. A 10% interminimum 1996/2008 difference in the total EUV flux is shown to result in Tex
and neutral gas density that are larger in 2008 than in 1996. This contradicts the satellite drag neutral gas
density observations by Emmert et al. (2014, 2017). Therefore, the EUV interminimum change from 1996
to 2008 should be less than 10%.

5. Themechanism of foF1 interminimum changes is based on an interplay betweenmolecular (NO+ and O2
+)

and O+ ions. Normally, when NmF1 in 1996 is larger than in 2008, the main contribution (>72%) to the
interminimum NmF1 change provides [M

+] ion variation via the total ion production rate variation; the rest
is provided via O+ ions. The inverse relationship between NmF1 in the two years results in larger Tex and
ρ300 in 2008/2009 compared to that in 1996, and this contradicts the satellite drag observations.
Therefore, cases with the inversed relationship in foF1 for the two periods should be related to problems
with the experimental determination of monthly median foF1.

Appendix A

Table A1
Retrieved Total Solar EUV Flux With λ < 1,050 Å (in 1010 ph cm�2 s�1) for June at European and Japanese Stations

Year Moscow Rome Juliusruh Slough Wakkanai Kokubunji Okinawa

1946 7.407 0.0 0.0 0.0 0.0 0.0 0.0
1947 10.31 0.0 0.0 0.0 0.0 0.0 0.0
1948 9.848 0.0 0.0 0.0 0.0 0.0 0.0
1949 8.309 0.0 0.0 0.0 0.0 0.0 0.0
1950 7.255 0.0 0.0 0.0 0.0 0.0 0.0
1951 7.762 0.0 0.0 0.0 0.0 0.0 0.0
1952 5.441 0.0 0.0 0.0 0.0 0.0 0.0
1953 4.810 0.0 0.0 0.0 0.0 0.0 0.0
1954 5.125 0.0 0.0 0.0 0.0 0.0 0.0
1955 5.565 0.0 0.0 0.0 0.0 0.0 0.0
1956 7.728 0.0 0.0 0.0 0.0 0.0 0.0
1957 10.55 10.55 0.0 0.0 10.56 0.0 0.0
1958 10.46 11.08 10.44 0.0 10.44 0.0 0.0
1959 10.24 9.716 9.722 9.713 9.713 0.0 0.0
1960 8.077 8.077 8.075 8.088 8.071 0.0 0.0
1961 6.503 6.506 6.505 6.814 6.506 0.0 0.0
1962 5.493 5.679 6.118 5.686 5.523 0.0 0.0
1963 5.483 5.205 5.922 5.430 5.204 0.0 0.0
1964 5.062 5.063 5.192 5.045 4.943 0.0 0.0
1965 5.114 5.560 5.333 5.446 5.163 0.0 0.0
1966 5.888 5.888 5.942 5.888 5.888 0.0 0.0
1967 6.997 7.019 6.996 6.997 6.993 0.0 0.0
1968 8.329 8.322 8.327 8.327 8.326 0.0 0.0
1969 9.157 9.158 9.159 9.158 9.155 9.159 0.0
1970 8.570 8.564 8.635 8.858 8.565 8.563 0.0
1971 6.591 6.597 6.592 6.596 6.588 6.688 0.0
1972 7.336 7.490 7.336 7.336 7.547 7.339 7.430
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