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A B S T R A C T   

The CO2 concentration has been increasing for more than five decades reaching ~29 % at present with respect to 
the pre-industrial era. The largest CO2 cooling effects in the thermosphere are predicted for solar minimum 
conditions. A comparison of solar minima in 1954/1964 to the recent one in 2019 was used to check at the 
quantitative level the theoretical predictions and the validity of the CO2 cooling hypothesis. June monthly 
median noontime ionospheric observations at Moscow, Rome, and Slough/Chilton were used to infer neutral gas 
density ρ, exospheric temperature Tex, height of the F2-layer maximum hmF2, and total solar EUV flux for the 
(1954–2020) period. Solar and geomagnetic activity was shown to explain ~99 % of the whole variability in the 
retrieved neutral gas density and Tex during the (1958–2020) period resulting in statistically insignificant re-
sidual linear trends. A comparison of 1954/1964 to 2019 solar minima does not confirm the theoretically pre-
dicted decrease of ~21 % in ρ, ~15 K in Tex, and ~7 km in hmF2 related to a 29 % increase of the CO2 abundance. 
The main conclusion: despite continuous CO2 increase in the Earth’s atmosphere long-term variations of ther-
mospheric parameters are controlled by solar and geomagnetic activity.   

1. Introduction 

Thirty years have passed since issuing of the first publications by 
Roble and Dickinson (1989) and Rishbeth (1990) devoted to possible 
impact of greenhouse gases (mainly CO2) on the Earth’s upper atmo-
sphere. Along with these model predictions Rishbeth (1977) had 
stressed: “long-term changes can only be reliably detected over intervals 
of time that greatly exceed the 11-year solar cycle. The present iono-
spheric record is only marginally adequate for such studies”. Long-term 
changes of the upper atmosphere parameters related to the CO2 increase 
should result in cooling and subsiding of the thermosphere i.e. in a 
decrease of neutral gas density at fixed heights and shrinking of the 
ionosphere. In accordance with the predictions negative trends have 
been found in electron concentration and in the height of F2-layer (Ulich 
and Turunen, 1997; Bremer, 1998, 2001, 2008; Jarvis et al., 1998; 
Sharma et al., 1999; Danilov, 2006; Laštovicka et al., 2012; Mielich and 
Bremer, 2013; Danilov and Konstantinova, 2013; Laštovicka, 2013, 
2017; Roininen et al., 2015) as well as in thermospheric temperature 
and neutral gas density according to satellite drag and Incoherent 
Scatter Radar (ISR) observations (Zhang et al., 2011; Zhang and Holt, 

2013; Oliver et al., 2014; Ogawa et al., 2014; Emmert, 2015a,b and the 
references therein). First-principle (physical) model simulations have 
also confirmed the expected cooling effects in the upper atmosphere 
related to the CO2 increase (Qian et al., 2008, 2011; Cnossen, 2014; 
Solomon et al., 2018, 2019). Along with this obvious contradictions with 
observations have been found (Perrone and Mikhailov, 2016). 

The CO2 increase in the Earth’s atmosphere (https://www.co2.eart 
h) is going on with the rate of ~5.5 % per decade (Qian et al., 2017) 
for the period longer than 5 decades and it would be interesting to check 
predicted changes in the ionospheric and thermospheric parameters. 
However there are not many possibilities to do this. A way to check the 
upper atmosphere cooling may provide satellite drag observations 
(Keating et al., 2000; Emmert et al., 2004; Marcos et al., 2005; Emmert, 
2015a and references therein) which do manifest a decrease of neutral 
gas density at 400 km with the rate depending on solar activity. The last 
estimate by Emmert (2015a) without any separation on solar activity 
gave the average decrease in ρ of −2.0 ± 0.5 % per decade over the 
1967–2005 period. Fitting any empirical thermospheric model to the 
observed neutral gas variations in principle it is possible to estimate a 
trend in the exospheric temperature, Tex and this approach gave a 
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decrease of ~ -1K per decade (Emmert, 2015a, Table 2). However one 
should bear in mind that neutral gas density at thermospheric heights 
depends both on neutral composition (mainly atomic oxygen) and 
exospheric temperature, Tex. Data on atomic oxygen were absent in that 
analysis and the observed decrease in neutral density was formally 
prescribed to a decrease in Tex. Our analysis (Perrone and Mikhailov, 
2019) has not revealed any statistically significant decrease in the 
atomic oxygen abundance over the period of some decades in agreement 
with the Emmert’s conclusion (2015a) that neutral density decrease is 
due to a decrease in Tex. The inferred neutral temperature decrease may 
be compared to the predicted cooling of the thermosphere due to the 
CO2 concentration increase. Under a double CO2 increase scenario the 
Tex decrease is ~50K (Rishbeth 1990; Rishbeth and Roble, 1992). Today 
we have a 29 % CO2 increase in the Earth’s atmosphere with respect to 
the 1960 level (317 ppm) (https://www.co2.earth). Assuming a linear 
dependence one may expect a 14.5 K decrease in Tex. Under the observed 
rate of CO2 increase 5.5 % per decade (Qian et al., 2017) the cooling 
process has started ~ 53 years ago resulting in the cooling rate of ~2.7K 
per decade. This coincides with the Whole Atmosphere Community 
Climate Model-eXtended (WACCM-X) model simulation cooling rate of 
2.8 K per decade obtained by Solomon et al. (2018) for solar minimum 
conditions. Similar model simulations under solar maximum gave the 
cooling rate of 1.8K per decade (Solomon et al., 2019). Therefore the 
average cooling rate of 2.3 K per decade results in ~12K cooling of the 
thermosphere over 53 years. On the other hand the retrieved from sat-
ellite drag observations cooling rate of ~ 1K per decade (Emmert, 
2015a) gives only a ~ 5K Tex decrease over the same period. Therefore 
the inferred from ρ observations thermospheric cooling is by two times 
less than is expected from the 29 % CO2 increase in the Earth’s 
atmosphere. 

Another source of information on thermospheric temperature long- 
term variations is Incoherent Scatter Radar (ISR) observations. The 
ISR method routinely provides ion temperature Ti which is identified 
with neutral one, Tn. Such Tn trends are by an order of magnitude larger 
than satellite drag observations provide: −60 K/decade at 350 km for 
daytime hours at Saint Santin/Nancay (Donaldson et al., 2010), −10 to 
−15 K/decade at F2-layer heights for day-time hours at Tromso (Ogawa 
et al., 2014), and −20 K/decade at 350 km for daytime hours at Mill-
stone Hill (Zhang and Holt, 2013). The unreality of such Tn trends was 
stressed repeatedly (e.g. Emmert, 2015a,b, Emmert et al., 2004, 2021; 
Solomon et al., 2018). The situation was discussed by Perrone and 
Mikhailov (2017, 2018a) and it was suggested that the effect can be due 
to the ISR method itself based on a fixed model of ion composition and 
such ISR observations might be not appropriate for long-term trend 
analyses. 

Of course, the best opportunity for long-term trend analyses presents 
ground-based ionospheric sounding observations. Using the same 
method of ionospheric sounding the world-wide ionosonde network has 
provided round o’clock ionospheric observations for some decades and 
some European stations have been working for more than 70 years. 
Naturally, ionosonde observations are widely used for long-term trend 
analyses, the results may be found in review papers (Danilov, 2012; 
Laštovicka et al., 2012; Laštovicka, 2013, 2017; Danilov and Kon-
stantinova, 2020). 

Electron concentration in the ionosphere depends on many aero-
nomic parameters such as: solar EUV, neutral composition and tem-
perature, neutral winds and electric fields and this is not easy to separate 
and remove these contributions to reveal the effect solely related to the 
CO2 increase. The situation is simpler with mid-latitude daytime E-re-
gion which is controlled by photo-chemical processes following the 
classic Chapman (1931) theory. However even in this case very different 
estimations of foE long-term trends may be found in the literature, for 
references see (Danilov & Konstantinova, 2018, 2020). Our analysis 
(Mikhailov et al., 2017) of June noontime monthly median foE long-term 
variations at three European stations Rome, Juliusruh, Slough/Chilton 
has shown the existence of a rising phase from the middle of 

1960s–~1985 and a falling phase after 1985. A close similarity (even in 
details) between 11-year running mean smoothed (foEave)11y and sun-
spot number (R12)11yvariations with the correlation coefficient of 0.996 
(R2 

= 0.992) tells us that more than 99 % of the whole (foEave)11y 
variability is explained by solar activity i.e. the Sun is the only source of 
foE long-term variations at least for summer noontime conditions. 

The majority of ionospheric trend analyses are devoted to F2-layer 
parameter long-term variations. However this is not that easy to 
demonstrate the foF2 changes related to the CO2 increase in the Earth’s 
atmosphere. Apart from the obvious dependence of foF2 on solar cycle 
which may be removed by a regression with any solar index (sunspot 
numbers R, F10.7, or E10.7) electron concentration in the F2-region de-
pends on geomagnetic activity but indirectly via atomic oxygen and 
thermospheric winds, both strongly affecting foF2. A direct addition of 
geomagnetic indices such as Ap (either monthly or annually or 
smoothed) to the regression does not improve the regression accuracy 
for foF2 and this was earlier noted in some publications. This is due to the 
formation mechanism of mid-latitude daytime F2-layer. On one hand 
increased geomagnetic activity decreases the atomic oxygen concen-
tration at F-region heights decreasing NmF2 which is ~ [O]4/3 

(Mikhailov et al., 1995), on the other hand elevated auroral heating 
damps the northward thermospheric wind increasing by this way NmF2. 
Thus two processes work oppositely compensating each other to a great 
extent. However geomagnetic activity effects are clearly seen in the 
retrieved atomic oxygen abundance (Perrone and Mikhailov, 2019) and 
in the meridional thermospheric wind long-term variations (Mikhailov 
and Perrone, 2018). 

The absence of a standard method to remove the effects of 
geomagnetic activity from foF2 long-term variations results in different 
foF2 trends inferred for the same period but with different methods 
(Laštovička et al., 2006). Further, without removal of geomagnetic ac-
tivity effects the foF2 trends depend on the period chosen for the anal-
ysis. Fig. 1 gives δfoF2 = foF2obs/foF2reg long-term variations for Moscow 
and Slough/Chilton obtained after the foF2obs regression with 3-month 
F10.7 – a standard step to remove solar cycle variations from observed 
monthly foF2 (e.g. Perrone and Mikhailov, 2016). The residual δfoF2 
manifest both year-to-year and long-term variations (see polynomial 
approximation) with rising and falling phases not related to 11-year 
solar cycles. By 11-year smoothing of δfoF2 and Ap indices it is 
possible to remove these variations (Mikhailov et al., 2002, also 
Laštovička et al., 2006) to obtain insignificant residual foF2 trend. 
However this is not a generally accepted method and usually the prob-
lem of removing geomagnetic activity effects from foF2 long-term vari-
ations is not discussed in trend analyses. But in this case the resultant 
foF2 trends depend on the selected time period. Trends estimated over 
the years including the rising phase (before 1975–1980) will be positive 
while they will be negative for the period after 1975. Depending on the 
contribution of the rising and falling phases to the analyzed period 
trends will be different for different selected time intervals. Obviously, 
that this effect has nothing common with the continuous CO2 increase in 
the Earth’s atmosphere (Fig. 1, bottom panel) which is the main concern 
of our analysis. 

WACCM-X model simulations by Solomon et al. (2018, 2019) predict 
an NmF2 decrease of 1.2 % (0.6 % for foF2) per decade related to the CO2 
increase both for solar minimum and maximum. This gives a ~3 % foF2 
decrease over the period of five decades. Bearing in mind the δfoF2 
scatter (Fig. 1) with the standard deviation of 5–6% this 3 % foF2de-
crease related to the 29 % CO2 increase hardly can be reliably detected. 
Thus available methods of foF2 long-term trend analyses cannot be used 
to check at the quantitative level the predicted changes in foF2 related to 
the CO2 increase. 

Nevertheless, excellent ground-based ionospheric observations can 
be utilized for such verification. With our recently developed method by 
Perrone and Mikhailov (2018b) it is possible to retrieve from routine 
foF2 and foF1 observations a consistent set of aeronomic parameters 
responsible for the formation of daytime mid-latitude F-region. The list 
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of retrieved parameters includes: neutral composition (O, O2, N2) and 
Tex, vertical plasma drift mainly related to thermospheric winds, and the 
total solar EUV flux with λ ≤ 1050 Å. The height of F2-layer maximum, 
hmF2 is also specified during fitting of observed NmF2. 

According to satellite drag observations (Emmert, 2015a, also ref-
erences therein) and model simulations neutral gas density trends are 
larger under solar minimum. WACCM-X model simulations by Solomon 
et al. (2018) for solar minimum conditions (F10.7 = 70 and Kp = 0.3) 
predict a decrease of 2.8K per decade for Tex, 3.9 % per decade for 
neutral gas density at 400 km, and 1.3 km per decade for hmF2. There-
fore one may expect a ~15 K decrease in Tex, a ~21 % decrease in 
neutral gas density and a ~7 km decrease in hmF2 over the period of 53 
years mentioned earlier. These are quite noticeable variations which 
should be seen in the retrieved parameters for solar minimum 
conditions. 

Available ionospheric observations (at least at Moscow) cover seven 
solar minima from 1954 to 2019. The 1954 and 1964 minima corre-
sponding to the period with low CO2 abundance (Fig. 1) may be 
considered as reference ones while the 2019 minimum corresponds to 
present day CO2 concentration with 414 ppm in the Earth’s atmosphere. 
Therefore the retrieved Tex, hmF2, and ρ should demonstrate the effect of 
29 % CO2 increase over the (1954/1964–2020) period. The aim of the 
undertaken analysis is to check whether the retrieved from ionospheric 
observations thermospheric parameter variations confirm model pre-
dictions under solar minimum conditions when the effects of CO2 in-
crease should be the largest according to model simulations. 

2. Observations, method, and results 

The method by Perrone and Mikhailov (2018b) used in our analysis 
has two versions: a general one which may be used for any daytime 
conditions when foF2 and five plasma frequencies at 180 km height 

(fp180) at (10,11,12,13,14) LT are available, and a version when instead 
of fp180 five foF1 values are used. Plasma frequencies fp180 read from 
automatically scaled fp(h) profiles are available only for the last two 
decades at the best while we need historical observations when only foF1 
were available. F1-layer is systematically present on ionograms only in 
summer, for this reason June observations were used for our analysis. 
Due to closeness of foF1 to foF2 under solar minimum conditions and 
intensive Es in summer automatic scaling turns out to be not very effi-
cient and foF1 data are often absent at some stations for June 
2019–2020. Three European stations Moscow (55.5oN; 37.3oE), Rome 
(41.9oN; 12.5oE), and Slough/Chilton (51.5oN; 359.4oE) with available 
June foF2 and foF1 observations over the whole period were selected for 
our analysis. Manual ionogram scaling was applied in some cases. A new 
recently developed model of solar EUV by Nusinov et al. (2021) is used 
as a starting EUV flux value in the retrieval process. 

Table 1 gives monthly and 3-month F10.7 as well as monthly Ap and 
HLα (composite) along with noontime monthly median foF2 and foF1-
values for June under seven solar minima. June foF1 observations are not 
available at Rome and Slough for 1954. 

Table 1 gives that F10.7 indices were low ~70 for all solar minima. 
But geomagnetic activity manifests a rising phase from 1954 to 1976 and 
a falling phase after 1976. This is similar to smoothed δfoF2 variations 
shown in Fig. 1. In accordance with close F10.7 for all solar minima 
monthly median foF2, and foF1 also demonstrate small inter-minimum 
variations. Observed (composite) HLα (Machol et al., 2019) being an 
indicator of the total solar EUV flux responsible for the ionization of the 
F-region also manifests very small inter-minimum variations. 

The method by Perrone and Mikhailov (2018b) was applied to 
observed June noontime monthly median foF2, and foF1 for the 
(1954–2020) period to retrieve aeronomic parameters responsible for 
the formation of mid-latitude daytime F2-layer, in particular: hmF2, Tex 
and neutral gas density (ρ) at 300 km. The variations of these parameters 

Fig. 1. June δfoF2 = foF2obs/foF2reg long-term variations at Moscow and Slough/Chilton along with the polynomial approximation illustrating different phases in 
these variations. Observed CO2 abundance in the Earth’s atmosphere is given in the bottom panel. 
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may be compared to model predictions by Solomon et al. (2018) for 
solar minimum conditions. The 300 km height (rather than 400 km 
usually used in satellite drag analyses) is used to avoid possible contri-
bution of He which is essential at 400 km under solar minimum, while 
the retrieved neutral gas density includes only three neutral species - O, 
O2, and N2. 

At first let us consider ρ, Tex, and hmF2 long-term variations using 
(1958–2020) years to check whether statistically significant linear 
trends exist and after we will analyze inter-minimum variations for years 
given in Table 1. Although June foF2 and foF1 observations are available 
at Moscow since 1946 we use the same (1958–2020) period to compare 
trends at the three stations. 

Solar and geomagnetic activity effects should be removed as much as 
possible from the retrieved parameters to analyze the residual varia-
tions. A comparison of various solar activity indices (Perrone and 
Mikhailov, 2017) has shown that 3-month averaged F10.7 (F3mon) can be 
applied for long-term trend analyses. June monthly Ap indices were 
used in the regression to remove geomagnetic activity effects. The final 
regression may be written as follows 
P  =  b0  +  b1 × F3mon  +  b2 × Ap (1) 

Fig. 2 (as an example) gives retrieved and calculated with the 
regression (1) aeronomic parameters as well as their ratios to estimate 
the residual long-term linear trends. 

Fig. 2 indicates a good correlation between the retrieved and 
approximated with the regression (1) aeronomic parameter long-term 
variations (left panels) resulting in the insignificant residual trends 
(right panels). Only δhmF2 and δρ residual trends at Slough/Chilton are 
significant at the 95 % confidence level. 

Table 2 summarizes the correlation coefficients between the 
retrieved and approximated variations as well as R2 for three aeronomic 
parameters at the three stations. R2gives the percent of variability 
explained with the regression (1). 

Table 2 shows that due to large correlations coefficients the R2 

parameters are large as well. This means that solar (F10.7 3mon) and 
monthly Ap indices practically totally describe the inferred ρ, Tex, and 
hmF2 long-term variations. The largest approximation accuracy takes 
place for neutral gas density - around 99 % of the whole variability is 
explained by solar and geomagnetic activity. Similar result manifests Tex 
with ~99 % of explained variability. The least approximation accuracy 
the regression (1) demonstrates for hmF2 – from 90 % at Rome to 96 % at 
Slough/Chilton. This may be attributed to a strong hmF2 dependence on 
vertical plasma drift related to thermospheric winds. This drift demon-
strates by itself long-term variations as this was shown by Mikhailov and 
Perrone (2018). The obtained results show that practically no space is 
left for the CO2 contribution. For instance, a 1–2% of unexplained ρ 

variability is much less than can be expected from Solomon et al. (2018, 
2019) model predictions: (3.9 + 1.7)/2 = 2.8 % per decade × 5.3 de-
cades = 14.8 %. 

The largest thermospheric effects of the CO2 increase are expected 
under solar minimum conditions. Let us consider inter-minimum 
changes of the retrieved Tex, ρ, and hmF2 for solar minima given in 
Table 1. The retrieved parameters were reduced to F10.7 = 70 and Ap =
3 nT to be compared to Solomon et al. (2018) model simulation results. 
The regression (1) may be used for this reduction. The results for three 
stations are given in Table 3. 

The observed F10.7 and Ap (Table 1) are close to F10.7 = 70 and Ap =
3 nT therefore the reduced values do not strongly differ from the initial 
ones. Ratios of the reduced to F10.7 = 70 and Ap = 3 nT neutral gas 
density ρ, Tex and hmF2 for the 2019 minimum to the reference solar 
minima (1954 for Moscow and 1964 for Rome and Slough/Chilton) do 
not show the predicted decrease of ~21 % (3.9 % per decade × 5.3 
decades) in ρ, ~15 K (2.8 K × 5.3 decades) in Tex, and ~7 km (1.3 km ×
5.3 decades) in hmF2 related to a 29 % increase in the CO2 abundance. 
Linear trends for these ratios calculated over all years of solar minimum 
are statistically absolutely insignificant. Therefore, the conducted 
analysis does not confirm the predicted decrease of aeronomic param-
eters related to a 29 % increase in the CO2 abundance over the (1954/ 
1964–2019) period. 

3. Discussion 

The CO2 increase is going on with the rate of ~5.5 % per decade 
(Qian et al., 2017) and by now we have a 29 % increase in the CO2 
abundance with respect to the (1954–1964) period. The hypothesis of 
the upper atmosphere cooling by CO2 requires a confirmation however 
practically this is not easy to do. At present the only experimental way to 
check the hypothesis at the quantitative level is to use satellite drag 
observations (Emmert, 2015a and references therein). According to 
model simulations by Solomon et al. (2018) the largest effect of the CO2 
increase is expected under solar minimum conditions, in particular a 
decrease of ~21 % in neutral gas density and a ~15K in exospheric 
temperature are predicted with the present day concentration of CO2 in 
the Earth’s atmosphere. Such changes should be seen in satellite drag 
observations. However the recent analysis by Emmert (2015a) gave very 
modest variations (see Introduction) both in neutral gas density and in 
Tex. In the present paper using our recently developed method (Perrone 
and Mikhailov, 2018b) the thermospheric parameters have been 
retrieved from ionospheric observations over the period including two 
pre-industrial solar minima in 1954 and 1964 in a comparison to the 
recent solar minimum in 2019. However this comparison does not 
manifest any statistically significant changes as an expected reaction to a 
29 % increase of the CO2 concentration in the Earth’s atmosphere. Of 
course, as with any indirect method (the satellite drag method to esti-
mate ρ variations is also an indirect one) it is always valid a question – 

whether the applied method is correct? 
Our method was tested with CHAMP/STAR neutral gas density ob-

servations (Perrone and Mikhailov, 2018b) and it was shown that the 
method provided statistically significant better results in a comparison 
to modern empirical thermospheric models. A comparison with Swarm 

Table 1 
Solar, geomagnetic activity indices and the intensity of monthly median com-
posite HLα for June along with noontime monthly median foF2 and foF1 for years 
of solar minimum.  

Parameter 1954 1964 1976 1986 1996 2008 2019 
F10.7mon 67.3 69.0 70.6 67.6 69.6 65.9 68.1 
F3mon 67.7 68.5 69.6 70.1 70.3 66.7 68.8 
Apmon, nT 5.8 8.6 9.7 8.4 5.3 6.7 4.3 
HLα × 1011, ph/cm2 

s 
3.73 3.68 3.75 3.69 3.79 3.64 3.67 

Moscow 
foF2, MHz 5.1 5.1 5.4 5.0 5.1 4.7 4.8 
foF1, MHz 4.20 4.30 4.20 4.20 4.20 4.10 4.14 
Rome 
foF2, MHz 5.5 5.6 5.2 5.3 5.1 5.1 
foF1, MHz 4.45 4.40 4.37 4.37 4.23 4.30 
Slough/Chilton 
foF2, MHz 4.9 5.1 4.7 5.1 4.5 4.9 
foF1, MHz 4.32 4.35 4.25 4.30 4.24 4.28  

Table 2 
Correlation coefficients, R along with confidence intervals between the retrieved 
and approximated with (1) aeronomic parameter variations. Second lines – R2 

parameter.  
Parameter Moscow Rome Slough/Chilton 
ρ 0.994 ± 0.005 

0.988 
0.993 ± 0.005 
0.986 

0.996 ± 0.004 
0.992 

Tex 0.994 ± 0.005 
0.988 

0.994 ± 0.005 
0.988 

0.994 ± 0.004 
0.988 

hmF2 0.970 ± 0.024 
0.941 

0.950 ± 0.040 
0.902 

0.982 ± 0.014 
0.964  
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Fig. 2. Left panels – retrieved and obtained with the regression (1) neutral gas density at 300 km, Tex, and hmF2. Right panels – ratios of the retrieved to regression 
values along with linear trends estimated over the whole period. Error bars correspond to ± one standard deviation. The residual linear trends given in the bottom of 
right panels are statistically insignificant. 

Table 3 
Inter-minimum variations of the retrieved ρ300, Tex, and hmF2 at the three stations. Values reduced to F10.7 = 70 and Ap = 3 nT are given in brackets.  

Parameters 1954 1964 1976 1986 1996 2008 2019 
Moscow 
ρ300 × 10−14, g cm−3 0.861 (0.874) 0.929 (0.867) 1.033 (0.913) 1.004 (0.897) 0.924 (0.872) 0.815 (0.838) 0.875 (0.885) 
Tex, K 815 (817) 838 (829) 848 (831) 842 (827) 835 (827) 809 (812) 825 (826) 
hmF2,km 227 (225) 227 (222) 233 (225) 230 (224) 228 (225) 226 (224) 227 (226) 
Rome 
ρ300 × 10−14, g cm−3 1.000 (0.972) 1.015 (0.940) 1.009 (0.936) 0.959 (0.921) 0.827 (0.875) 0.877 (0.895) 
Tex, K 826 (817) 837 (820) 834 (819) 822 (814) 800 (803) 815 (816) 
hmF2,km 230 (221) 233 (222) 233 (223) 228 (224) 231 (227) 228 (227) 
Slough/Chilton 
ρ300 × 10−14, g cm−3 0.969 (0.926) 1.087 (0.988) 0.947 (0.866) 0.984 (0.939) 0.848 (0.886) 0.889 (0.904) 
Tex, K 849 (839) 875 (857) 849 (833) 847 (839) 828 (831) 839 (840) 
hmF2,km 227 (218) 232 (220) 229 (219) 229 (224) 225 (220) 228 (226)  
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neutral density observations was used to explain the post-storm neutral 
density decrease in the thermosphere (Mikhailov and Perrone, 2020). 
Millstone Hill ISR noontime hmF2observations in 2000–2016 have been 
used to test the method (Perrone et al., 2020). The retrieved hmF2values 
demonstrated a standard deviation close to the expected inaccuracy of 
hmF2 determination. A comparison of the retrieved EUV to the observed 
EUV one and to the EUVAC (Richards et al., 1994) empirical model 
provides an absolutely independent check of the method as the observed 
and model EUV values have nothing common with the retrieval process. 

Due to Solar Radiation and ClimateExperiment (SORCE) mission and 
the Thermosphere, Mesosphere, Ionosphere, Energetic,and Dynamics 
(TIMED) mission daily EUV (100–1200) Å observations (Woods et al., 
2018) (http://lasp.colorado.edu/lisird/) are available since 2002. On 
the other hand, HLα is known to be a good proxy for solar UV radiation 
(Nusinov and Katyushina, 1994; Chamberlin et al., 2007). This was 
checked again using EUV (100–1200) Å (Woods et al., 2018) observa-
tions. Fig. 3 (left panel) gives such a comparison. June monthly median 
observed EUV are compared to monthly median HLα (Machol et al., 
2019) variations. The correlation coefficient between two variations is 
0.995 ± 0.009 which is significant at the 99.9 % significance level. This 
allows us to compare the retrieved total EUV to HLα and to the EUVAC 
(Richards et al., 1994) model for the whole (1958–2020) analyzed 
period (Fig. 3, right panel). 

The correlation coefficient between the retrieved EUV and HLα 

variations is 0.978 ± 0.018 being significant at the 99.9 % confidence 
level according to Student criterion (Fig. 3, right panel). A coincidence is 
seen even in details – notice two-hump maxima in the even solar cycles. 
A comparison with the EUVAC model gives the correlation coefficient 
0.987 ± 0.011 which is also significant at the 99.9 % confidence level. 
All this tells us that the method by Perrone & Mikhailov, (2018b) does 
work and provides reasonable results. 

In accordance with our concept long-term variations of thermo-
spheric parameters are due to long-term variations of solar and 
geomagnetic activity. After the deepest for the whole history of iono-
spheric observations solar minimum in 2008/2009 with monthly F10.7 
= 65.9 in June and 65.7 in July 2008 one can hardly expect a new 
deeper solar minimum, anyway the recent 2019 solar minimum mani-
fests larger monthly F10.7 (Table 1). Therefore the thermosphere and 
ionosphere just cannot further fall down and one should expect if not a 
growth but at least a stabilization of long-term-term variations at some 
level bearing in mind that we have entered into the period of low solar 
activity (http://www.wdcb.ru/stp/data/solar.act/csa/Cycles%20of% 
20Solar%20Activity.en.pdf). 

Fig. 1 gives falling and rising phases in foF2 long-term variations 
which manifest the corresponding variations of thermospheric 

parameters. A falling phase took place until the middle of 1950s fol-
lowed by a rising phase until the middle of 1970s. After this took place a 
prolonged falling phase until 2008–2009 which coincided with the in-
dustrial era and the CO2 increase in the Earth’s atmosphere. So after 
2009 one may expect a new rising phase in thermospheric and iono-
spheric parameter long-term variations. Indeed, a recent extended 
analysis by Emmert et al. (2021, their Fig. 4), indicates no visible dif-
ference in annual mean neutral gas density comparing the last two solar 
minima in 2008 and 2019. 

Problems with foF2 linear trends after the inclusion of last observa-
tions have been mentioned in recent publications (De Harro Barbas’s 
and Ellias, 2019; Danilov &Konstantinova, 2019) and they have been 
attributed to peculiarities with the solar EUV versus F10.7 index depen-
dence in the solar cycle 24. Laštovicka (2019) has discussed changes in 
relationships among solar indices. He has found that the dependence of 
Mg II (Viereck et al., 2001) versus F10.7 has become steeper in 
1996–2014 compared to the previous time period indicating in his 
opinion changes of the relationship between solar proxies and EUV 
ionizing radiation. 

Daytime mid-latitude ionospheric F2-layer manifests the intensity of 
solar incident EUV radiation and the state of the surrounding thermo-
sphere - neutral composition, temperature, and winds. Therefore, if 
everything is correct with the solar EUV versus F10.7 dependence then 
under continuously increasing CO2 in the Earth’s atmosphere changes or 
absence of negative trends in the upper atmosphere parameters should 
raise questions to the CO2 cooling concept – whether it really works? 
Anyway the results of our analysis do not indicate any noticeable trends 
in the retrieved thermospheric parameters over the (1954–2019) period 
including a 29 % increase of the CO2 abundance. 

The EUV versus solar activity index dependence for the whole 
(1958–2020) period and separately for solar cycles 23 and 24 may be 
checked using HLα (Machol et al., 2019) data. By analogy with the 
EUVAC model (Richards et al., 1994) a half sum of 3-month and June 
monthly F10.7 (F0.5) was used as an index of solar activity (Fig. 4). The 
height of solar cycles 23 and 24 was different (the cycle 24 was lower) so 
June F0.5 indices were also different. Therefore for the purity of a 
comparison only years with F0.5 < 127 (the maximal F0.5 value in the 
cycle 24) in both cycles were used in Fig. 4 (right panel). 

Fig. 4 (left panel) indicates a good relationship between HLα and F0.5 
with the correlation coefficient 0.984 ± 0.0132 which is significant at 
the 99.9 % confidence level. Parameter R2 

= 0.968 tells us that F0.5 
explains ~97 % of the whole HLα variability i.e. no significant residual 
trend is expected in HLα long-term variations after removing of the solar 
cycle dependence. Bearing in mind a close HLα relationship with other 
lines in the solar EUV spectrum this conclusion is valid for the total 

Fig. 3. Observed June monthly median total EUV (100–1200) Å versus composite HLα (left panel), solid line – a linear regression. Right panel gives a comparison of 
June monthly median retrieved EUV flux to composite HLα and EUVAC model variations for the whole (1958–2020) period. 
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ionizing EUV flux (see earlier). Points belonging to the solar cycle 24 
(asterisks in Fig. 4, left panel) are inside ± SD indicating no peculiarities 
in a comparison with other solar cycles. This also demonstrates Fig. 4 
(right panel) where HLα from the two cycles are compared using an 
enlarged scale. A linear approximation is applied for the two variations. 
This comparison confirms that the relationship between solar radio- 
emission and EUV should be the same in different solar cycles 
providing the observations are correct. 

The CO2 cooling concept has been originated from model simulations 
by Roble and Dickinson (1989) and Rishbeth (1990) and is mainly 
supported by model simulations e.g. (Qian et al., 2008, 2011; Cnossen, 
2014; Solomon et al., 2018, 2019). However the situation with 
first-principle models is not that straight. A comparison of various 
models with Millstone Hill ISR, CHAMP and COSMIC electron density 
observations (Shim et al., 2011, 2012) has shown that the empirical 
monthly median IRI model turns out to be one of the best. This does not 
mean that IRI is a very good model - it is not designed to describe 
particular geophysical conditions of a given day - but this tells us that 
modern 3D first-principle physical models are far from to be perfect. 
Similar results were obtained by Tsagouri et al. (2018) after a compar-
ison of 3D physical to empirical models on the main ionospheric char-
acteristics, foF2 and hmF2. Therefore, if 3D first-principle physical 
models are unable to describe with a sufficient accuracy the main 
ionospheric parameters such as foF2 and hmF2 there is no certainty that 
long-term trends predicted with such models are correct bearing in mind 
that trends are very small - some percents per decade. 

At present the only direct confirmation for cooling of the thermo-
sphere provide satellite drag observations (see Introduction). We do not 
discuss the procedure how observed neutral gas density is recalculated 
into Tex long-term trend when neutral composition is not known (this is 
done using thermospheric empirical models, see for instance, Emmert, 
2015a), we only stress that such observations is the only experimental 
support for the thermospheric cooling. But satellite drag observations as 
this is discussed in our paper in fact do not quantitatively confirm the 
theoretically predicted magnitude of CO2 thermospheric cooling. The 
analyzed by Emmert (2015a) (1967–2013) period totally includes the 
falling phase (since middle of 1970s to 2008–2009) and namely this may 
be an explanation of negative ρ and Tex trends obtained in his analysis. 
An extended analysis by Emmert et al. (2021) of satellite drag obser-
vations including the 2019 solar minimum seems to confirm the sug-
gestion that we are entering into a new rising phase of solar activity as 
no decrease in neutral gas density (their Fig. 4) is seen in 2019 compared 
to 2008 solar minimum. 

We are dealing with long-term trends in thermospheric rather than 
ionospheric parameters however it would be useful to mention iono-
spheric F2-layer trends which directly manifest long-term trends in the 

surrounding thermosphere. However there are many problems related 
to F2-layer trends as this was mentioned in Introduction. According to 
Rishbeth (1977) “long-term changes can only be reliably detected over 
intervals of time that greatly exceed the 11-year solar cycle”. But 
long-term trends studies quite often use only 2 solar cycles (e.g. 
Laštovička et al., 2006; Danilov, 2008; Danilov and Konstantinova, 
2013). Electron concentration in the F2-layer crucially depends on many 
aeronomic parameters: solar EUV flux, neutral composition (O, O2, N2) 
and temperature Tex, thermospheric winds producing vertical plasma 
drifts. All of them may have their own long-term trends which are re-
flected in NmF2 long-term variations. For instance, Danilov and Kon-
stantinova (2014) were the first who have proposed to relate negative 
foF2 trends with the atomic oxygen decrease in the upper atmosphere 
and they prescribe this decrease to the intensification of eddy diffusion. 
Yes, daytime NmF2 crucially depends on atomic oxygen concentration at 
F2-layer heights but the long-term enhancement of poleward thermo-
spheric wind (Mikhailov and Perrone, 2018) may be also responsible for 
foF2 negative trend at middle latitudes. Further any long-term intensi-
fication of eddy diffusion should result in general decrease of the atomic 
oxygen abundance in the upper atmosphere however our analysis 
(Perrone and Mikhailov, 2019) of column [O] long-term variations 
inferred from ionospheric observations has not revealed any statistically 
significant decrease in the column [O] abundance. It was shown that 
~93 % of the whole [O]col variability are explained by solar and 
geomagnetic activity long-term variations and only ~ 7 % may be 
attributed to other processes (reasons) including the anthropogenic 
impact. Therefore only a consistent analysis of long-term variations in 
the main aeronomic parameters responsible for the F2-layer formation 
can provide an adequate explanation of the observed long-term changes 
in the ionospheric F2-layer. Our method (Perrone and Mikhailov, 2018b) 
used in the present analysis provides such opportunity. 

4. Conclusions 

The CO2 concentration has been increasing for more than five de-
cades reaching ~29 % at present with respect to the pre-industrial era. 
CO2 cooling hypothesis predicts a noticeable decrease in thermospheric 
and ionospheric parameters especially under solar minimum conditions. 
The cooling concept needs a confirmation which is not easy to realize in 
practice. Our recently developed method by Perrone & Mikhailov, 
(2018b) provides this possibility at the quantitative level. A comparison 
of solar minima in 1954 and 1964 to other solar minima including the 
last one in 2019 with available ionospheric observations was used to 
check the theoretical predictions and the validity of the CO2 cooling 
hypothesis. June ionospheric observations at three European stations 
Moscow, Rome, and Slough/Chilton were used to infer neutral gas 

Fig. 4. June composite HLα versus F0.5 for the whole (1958–2020) period (left panel) and separately for solar cycles 23 and 24 (right panel) are given. Asterisks in 
the left panel correspond to solar cycle 24. Error bars - ± standard deviations. Solid and dashed lines are polynomial approximations given to attach error bars. 
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density ρ, exospheric temperature Tex, height of the F2-layer maximum 
hmF2, and total solar EUV flux for the (1954–2020) period. The obtained 
results may be formulated as follows.  

1. Solar and geomagnetic activity was shown to explain ~99 % of the 
whole variability in the retrieved neutral gas density and Tex during 
the (1958–2020) period. This 1 % of unexplained ρ variability is 
much less than an average decrease of 14.8 % in ρ expected from 
Solomon et al. (2018, 2019) model simulations for a 29 % CO2 in-
crease. The residual linear trends in ρ, Tex, and hmF2 are statistically 
insignificant over the analyzed period.  

2. A comparison of pre-industrial 1954 and 1964 solar minima to 2019 
one when a quite visible decrease in thermospheric parameters is 
expected according to Solomon et al. (2018) model simulations does 
not confirm the predicted decrease of ~21 % in ρ, ~15 K in Tex, and 
~7 km in hmF2 related to a 29 % increase in the CO2 abundance.  

3. The only direct experimental confirmation for the CO2 cooling 
concept based on satellite drag observations (Emmert, 2015a, 
Table 2) gives only a ~ 5K Tex decrease over the analyzed period. 

This is much less than the CO2 cooling hypothesis predicts. 
Therefore satellite drag observations in fact do not confirm at a 
quantitative level the CO2 cooling concept.  

4. The peculiarities with foF2 trends in the solar cycle 24 mentioned in 
the literature are not related to a distortion of the EUV versus F10.7 
dependence but presumably indicate the onset of a new rising phase 
in thermospheric and ionospheric parameter long-term variations 
after the deepest solar minimum in 2008/2009. 

5. The main conclusion of the undertaken analysis: the origin of ther-
mospheric and related to them ionospheric parameter long-term 
variations is natural rather than anthropogenic one as this was 
earlier suggested by Mikhailov and Marin (2000) and Perrone& 
Mikhailov (2016). Despite a continuous CO2 increase in the Earth’s 
atmosphere long-term variations of thermospheric parameter are 
controlled by solar and geomagnetic activity. The retrieved ther-
mospheric parameters do not confirm the theoretically predicted 
decrease related to the CO2 concentration increase in the Earth’s 
upper atmosphere. 
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Laštovička, J., Mikhailov, A.V., Ulich, T., Bremer, J., Elias, A.G., Ortiz de Adler, N., 
Jara, V., Abarca del Rio, R., Foppiano, A.J., Ovalle, E., Danilov, A.D., 2006. Long- 
term trends in foF2: A comparison of various methods. J. Atmos. Sol. Terr. Phys. 68, 
1854–1870. 
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Ogawa, Y., Motoba, T., Buchert, S.C., Häggström, I., Nozawa, S., 2014. Upper 
atmosphere cooling over the past 33 years. Geophys. Res. Lett. 41, 5629–5635. 
https://doi.org/10.1002/2014GL060591. 

Oliver, W.L., Holt, J.M., Zhang, S.-R., Goncharenko, L.P., 2014. Long-term trends in 
thermospheric neutral temperature and density above Millstone Hill. J. Geophys. 
Res. Space Physics 119, 7940–7946. https://doi.org/10.1002/2014JA020311. 

Perrone, L., Mikhailov, A.V., 2016. Geomagnetic control of the midlatitude foF1 and foF2 
long-term variations: recent observations in Europe. J. Geophys. Res. Space Physics 
121, 7183–7192. https://doi.org/10.1002/2016JA022715. 

Perrone, L., Mikhailov, A.V., 2017. Long-term variations of exospheric temperature 
inferred from foF1 observations: a comparison to ISR Ti trend estimates. J. Geophys. 
Res. Space Physics 122, 8883–8892. https://doi.org/10.1002/2017JA024193. 

Perrone, L., Mikhailov, A.V., 2018a. Reply to comments by Zhang et al. on the paper 
“Long-term variations of exospheric temperature inferred from foF1 observations: a 
comparison to ISR Ti trend estimates” by Perrone and Mikhailov. J. Geophys. Res.: 
Space Physics 123. https://doi.org/10.1029/2017JA025039. 

Perrone, L., Mikhailov, A.V., 2018b. A new method to retrieve thermospheric parameters 
from daytime bottom-side Ne(h) observations. J. Geophys. Res.: Space Physics 123 
(10). https://doi.org/10.1029/2018JA025762, 200–10,212.  

Perrone, L., Mikhailov, A.V., 2019. Long-term variations of June column atomic oxygen 
abundance in the upper atmosphere inferred from ionospheric observations. 
J. Geophys. Res.: Space Physics 124, 6305–6312. https://doi.org/10.1029/ 
2019JA026818. 

Perrone, L., Mikhailov, A.V., Scotto, C., Sabbagh, D., 2020. Testing of the method 
retrieving a consistent set of aeronomic parameters with Millstone Hill ISR noontime 
hmF2 observations. Geosci. Rem. Sens. Lett. IEEE. https://doi.org/10.1109/ 
LGRS.2020.3007362. 

Qian, L., Solomon, S.C., Roble, R.G., Kane, T.J., 2008. Model simulations of global 
change in the ionosphere. Geophys. Res. Lett. 35, L07811 https://doi.org/10.1029/ 
2007GL033156. 
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