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Abstract The majority of Zhang et al. critical comments concern our method to retrieve aeronomic
parameters from ionosonde foF1 observations. The main idea of the method was described by Mikhailov
and Perrone (2016, https://doi.org/10.1002/2016JA022716), but it is seen that an additional clarification is
required. The method has been slightly changed to meet numerous comments of referees, and its
description is given here. The comments by Zhang et al. are analyzed and answered.

1. Introduction
For the convenience of the readers we are listing all the comments by Zhang et al. in a summary form
followed by our short answers. The detailed explanations are given in corresponding sections of the paper.
Everywhere P&M means the reference to the paper by Perrone and Mikhailov (2017).

1. In their methodology for retrieving thermospheric parameters from foF1, P&M must assume a local time
dependence (presumably from MSIS), but they do not justify this assumption. The spatial and temporal
(relative) variations of all thermospheric parameters are from the MSIS-86 model. The validity of this
assumption is confirmed by a comparison of the retrieved neutral gas density to the excellent
CHAMP/STAR observations (Mikhailov & Perrone, 2016; Perrone et al., 2017) as well as by a good agreement
with the EUV flux model for aeronomic calculations model (Mikhailov & Perrone, 2018) the latter having
nothing common with the retrieval process. If this assumption were absolutely wrong, we could hardly
get such testing results (section 2.3).

2. P&M retrieve exospheric temperature (Tex) from foF1 but assume without justification that the other two MSIS
thermospheric temperature parameters (temperature at 120 km and shape factor) are correct. Now FacT120
and FacS are included to the retrieval process and are found consistently with the other (FacTex, FacO,
FacO2, FacN2, and FacI) parameters. This extension of the method has not changed our main results, in
particular, the conclusion on the negative trend in mean ion mass at F1 region heights (section 2.3).

3. P&M’s assumption that hmF1 is at the O+/M+ transition height requires justification for studying solar cycle
variations and long-term trends. Now hmF1 is prescribed to the maximum height in q (O+) production rate.
This follows from model calculations when hmF1 is well pronounced in Ne (h) profiles. However, this has
not cardinally changed our main results (section 2.4).

4. P&M neglect transport of molecular ions, which can affect F1 ledge evolution, in their photochemical model.
Daytime F1 layer is totally controlled by photochemical processes, and any transport of molecular ions is
not efficient in particular when monthly median conditions are considered (section 2.5).

5. It is not clear whether P&M considered secondary ionization in their photochemical model. Corresponding
ionization cross sections for X-ray emission are taken from Ivanov-Kholodny and Nikoljsky (1969) to take
into account secondary ionization (section 2.2).

6. P&M do not discuss the effect of their assumptions on the uncertainty of their results. Good testing results of our
method (a comparison with CHAMP/STAR neutral gas density observations and the EUVAC model) is the
best confirmation that the method does work otherwise we hardly could obtain such results (section 2.3).

7. P&M’s Tex derived from foF1 are persistently 100–200 K higher than MSIS, a discrepancy that is implausible and
which therefore casts doubt on the validity of their long-term Tex trends. P&M’s validation of the retrieved Tex
against accelerometer densities was not representative of the conditions when the Tex discrepancy is largest.
On one hand, the revised method gives Tex close to MSIS-86 Tex values. On the other hand, today, our
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knowledge of Tex is not better than 100–150 K as this follows from a comparison of various versions of
MSIS models and a comparison to the recently derived DTM-2013 model. Our retrieved Tex values are
within this inaccuracy (section 4).

8. P&M do not address discrepancies between their estimated foF1 trends (decreasing) and those of other authors
(increasing). This is important because trends in the mean ion mass (m+) should be in the same direction as
foF1. foF1 trends are negative at middle latitudes independently whether absolute or relative, smoothed or
nonsmoothed deviations are considered. But one should distinguish trends in foF1 from trends of electron
concentration at a fixed height (section 5).

9. The constant composition model used in ISR analysis would induce <0.08% per decade uncertainty in esti-
mated F1 region ion temperature (Ti) trends and much less in the F2 region. Increases in m+ (indicated by most
studies of foF1 other than P&M’s) would cause an apparent cooling in ISR-derived F1 region temperatures,
rather than the observed warming. So P&M’s main criticism of ISR temperature trends is unwarranted. This
is not wise to state that using a fixed model of ion composition under varying geophysical conditions is
correct. If everything is correct with the incoherent scatter radar (ISR) method as Zhang et al. state, then
they should openly declare either their Ti trends have nothing common with the trends in Tex or to
explain why their Tex long-term trends (supposing that Tn = Ti) are by>10 times larger than satellite drag
observations manifest (see section 6).

2. Method Description

2.1. Middle-latitude F1 layer (a daytime formation) is in photochemical equilibrium, and it may be considered
to be in a quasi-stationary condition. The latter means that electron concentration at F1 layer heights is totally
controlled by current state of the surrounding thermosphere and the intensity of the incident solar extreme
ultraviolet (EUV) radiation (Rishbeth & Garriott, 1969). Here we repeat well-known estimates. Electron concen-
tration in the F1 layer is presented by atomic O+ and molecular (NO+ and O2

+) ions. The share of atomic O+

ions depending on height and geophysical conditions may reach 50% but normally molecular ions dominate
in the vicinity of F1 layer maximum. Let us consider Rome, June 1979 with 3-month F10.7 = 170 and monthly
Ap = 12. The calculated with our method parameters at 175 km are as follows: Tn = 1095 K, Ti = 1115 K,
Te = 1187 K, neutral concentrations [O] = 5.7 × 109 cm�3, [O2] = 6.1 × 108 cm�3, [N2] = 1.081010 cm�3,

Ne = 3.86 × 105 cm�3, M+ = [O2
+] + [NO+] = 3.15 × 105 cm�3, [O+] = 7.1 × 104 cm�3, and αave ¼ α1

NOþ½ �
Mþ½ � þ α2

Oþ
2½ �

Mþ½ � is the average-weighted dissociative recombination rate coefficient ~1.4 × 10�7 cm3/s. Atomic ions are

converted to molecular ones via ion-molecular reactions with characteristic time τo+ = 1/β, where
β = γ1[N2] + γ2[O2]—linear loss coefficient. For the conditions in question β is ~6 × 10�3 s�1 resulting in τo
+ = 167 s. This is by ~20 times less than 1-hr time step used in our method to select foF1 values. The e-fold
time for recombination of molecular ions τche = 1/αaveNe ~25 s. The noontime meridional thermospheric
wind Vnx in summer is ≤30 m/s (Buonsanto & Witasse, 1999). The magnetic inclination at Rome I = 57.6°;
therefore, vertical plasma drift W = VnxsinIcosI is ≤15 m/s. Diffusion coefficients for [O2

+] and [NO+] consider-
ing elastic collisions with neutral are given by Banks and Kockarts (1973, Part B). They are in range from
~3 × 108 cm2/s for collisions of [NO+] with air to ~3 × 109 cm2/s for (O2

+ � [O]) collisions. For our estimates
we may take the diffusion coefficient for molecular ions ~1 × 109 cm2/s at 175 km. The e-fold time for diffu-
sion τdif = H2/D, where D-diffusion coefficient, H = k (Te + Ti)/mig, mi—meanmolecular mass for O2

+ and NO+

ions gives ~500 s, that is, by 20 times larger than τche. The e-fold time for plasma drift due to thermospheric
wind τdrift = H/w ~5 × 103 s. Therefore, the dissociative recombination is the controlling process at F1 region
heights, and this is a well-known result. Thus, electron concentration around noon (10–14) LT is specified by
current state of the surrounding thermosphere and solar EUV radiation independently on the previous (1 hr
before in our method) value of electron concentration. The same conclusion follows from a direct comparison
of the dNe/dt term to the total ion production and recombination rates in the continuity equation for elec-
tron concentration at F1 region heights.

2.2. Our photochemical model considers O+(4S), O+(2D), O+(2P), O2
+(X2∏), N+, N2

+, and NO+ Ions in the 150- to
200-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. The photoionization and photoabsorption
cross sections are obtained from Torr et al. (1979), Richards and Torr (1988), Richards et al. (1994), and
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from Ivanov-Kholodny and Nikoljsky (1969) for X-ray emission to take into
account secondary ionization. A standard list of chemical processes from
Mikhailov and Lilensten (2004) with some later changes from Richards
(2011) is used in our model calculations.

2.3. We select five foF1 values at (10–14) LT which are used in the retrieval
process. A polynomial approximation is applied to read four intermediate
foF1 values at (10.5, 11.5, 12.5, and 13.5) LT. These five foF1 (and four
intermediate ones) values may be considered as independent on each
other as they are separated by 1-hr time step, which is much larger than
the characteristic time (~25 s) of the controlling process. But
thermospheric parameters vary with larger characteristic times (around
10–12 hr at middle latitudes) as this follows from Wrenn (1987) and
Wrenn et al. (1987). Namely, this large characteristic time of thermospheric
parameter variations is exploited in our method when we prescribe the
same (at 5 LT points) factors to model MSIS-86 (Hedin, 1987) neutral
concentrations (O, O2, and N2) and to exospheric temperature Tex. It is
important to stress that thermospheric parameters (neutral composition
and temperature) in five analyzed points are related by the internal
structure of the MSIS-86 model; that is, spatial and temporal variations
(relative variations) are given by the MSIS-86 model, and we are looking
for only factors to model variations to get the absolute values. The same
approach is applied to the EUV model by Nusinov (1992)—we are looking
for a factor to the total model EUV flux, but the dependence on solar
activity is given by the model.

The extended version of our method used in the current analysis includes
two additional parameters—factors to neutral temperature at 120 km,
T120, and to the shape parameter S which along with exospheric tempera-
ture Tex specify the Tn (h) profile (Bates, 1959). Five foF1 values are used to

find five unknown factors for MSIS-86 model (O, O2, N2, and Tex) values and for the total model EUV solar flux,
while four intermediate foF1 values are used to find factors for MSIS-86 model T120 and S values. It is also sup-
posed that T120 and S temporal (relative) variations are given by MSIS-86.

Thus, now we have a complete set of aeronomic parameters, which is sufficient to describe midlatitude
daytime F1 region.

A necessity to include T120 and the shape parameter S to the list of unknown parameters was the main
argument against the correctness of our method. Now T120 and S are included and found consistently with
other parameters. In fact, a very limited amount of data on T120 (Wand, 1983a, 1983b) and on the shape
parameter S (Oliver, 1979) was available to construct MSIS model Tn (h) profiles, which are used worldwide
under various geophysical conditions. In spite of this, a comparison of MSIS Tn with direct optical
observations (Aksnes et al., 2007) has shown a good agreement under quiet geomagnetic condition and a
disagreement during disturbed periods. Our testing of the improved method using monthly median foF1
observations at four European stations over a 60-year period has shown average shifts of 5% and 8% with
respect to MSIS-86 model values for FacT120 and FacS, correspondingly (Figure 1). It means that MSIS-86 gives
reasonable temperature at 120 km and the shape parameter S.

If our earlier assumptions, namely, using MSIS-86 T120 and S values, were wrong, we hardly could obtain good
testing results in a comparison with CHAMP/STAR neutral gas density observations (Mikhailov & Perrone,
2016; Perrone et al., 2017). Also, a good coincidence of the retrieved EUV with the EUVAC model by
Richards et al. (1994) was also shown by Mikhailov et al. (2017) and by Mikhailov and Perrone (2018). It should
be stressed that the EUVAC model has nothing common with our method; that is, this is an absolutely
independent check of the method.

The inclusion of T120 and the shape parameter S to the list of unknowns addresses the concern of Zhang
et al. and the referees that MSIS does not take into account the “tidal variations in each of the MSIS

Figure 1. Retrieved FacT120 and FacS with respect to MSIS-86 model values
over four European stations for June 12 LT. Average values and standard
deviations are given in the plots. SD = standard deviation.
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parameters”. Now FacT120 and FacS are found consistently with the other aeronomic parameters from the
observed foF1 variations for given geophysical conditions. Therefore, if tidal variations are present in foF1
variations, they should be automatically reflected in the retrieved thermospheric parameters. On the
other hand, MSIS-86 is an empirical model (based on observations), and if tidal variations affect the
thermospheric parameters, these effects are included into the model variations. Indeed, the
climatological mean maximum amplitude of the 12-hr wave in temperature is ~27 K at 118 km at
Millstone Hill (Goncharenko & Salah, 1998). But MSIS-86 gives the same amplitude 26 K at 120 km
comparing 06 UT to 18 UT for June 1965 at Millstone Hill. The migrating diurnal tide has a strong
seasonal variation. The tide reaches large amplitudes during the March and September equinoxes and
has smaller values during the June and December solstices (Wu et al., 2008). We consider only
summer (June–July) conditions.

2.4. Observed foF1 should be prescribed to the height of F1 layer. However, data on hmF1 are normally absent
in ionosonde observations. In fact, a well-pronounced F1 layer maximum rarely takes place in Ne (h) profiles
even in summer noontime conditions. Normally, this is a ledge or a wall or just an inflection point in Ne (h)
seen on ionograms as a hook, which is identified with the F1 layer maximum. Our following on analysis has
shown that hmF1 (when it clearly exists) is located slightly higher than q (O+)max (maximum in the O+ ion pro-
duction rate) rather than at the maximum height of the total ionization rate SumQ according to the Ratcliffe
(1972) theory; the SumQ maximum is located much below hmF1. Figure 2 gives some examples of calculated
Ne (h) profiles, which manifest a well-pronounced maximum, a plateau, or just an inflection point.
Additionally, the profiles of atomic oxygen ion production rate q (O+) and SumQ are given to demonstrate
that hmF1 is not linked to the maximum in the total ionization rate.

2.5. A recommendation by Zhang et al. to include to our photochemical model transport processes for mole-
cular ions also looks as a strange one. Earlier, it was shown that dissociative recombination was the control-
ling process at F1 region heights. An example from Taieb et al. (1978) is a poor one. The 9 August 1972
considered in their paper was a very disturbed day with ap up to 236 nT. An upsurge of auroral activity with
AE = 1,242 nT took place around 1030 UT—the moment analyzed in the paper by Taieb et al. (1978) It is
obvious that the observed perturbations in the F1 layer were due to penetrating electric fields. Such extraor-
dinary events are not reflected in monthly median foF1 we work with.

The conclusion of Taieb et al. (1978) that a pronounced F1 layer peak cannot be obtained in photochemical
model calculations without dynamics of molecular ions is wrong. Figure 2 (left panel) gives examples of Ne (h)
profiles with a well-pronounced peak or a wall obtained with our photochemical model. Just a better
specification of controlling aeronomic parameters is required to obtain such Ne (h) distributions.

The FLEXIPLEX procedure from Himmelblau (1972) is used to minimize the difference between calculated
and observed foF1 values. The inclusion of two additional unknown parameters FacT120 and FacS and the

Figure 2. Calculated Ne (h) along with q (O+) and SumQ profiles at F1 layer heights at Moscow, June noontime under solar
minimum and solar maximum. Profiles with a well-pronounced F1 layer maximum (2008), a wall (1997, 1979), and an
inflection point (1960) are given. Filled and open symbols correspond to symbols used for Ne (h) profiles.
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attachment of hmF1 to themaximum of q (O+) production rate have slightly changed the results, but basically,
they remained the same as this is shown later.

3. Mean Ion Mass Long-Term Trends

In our paper (Perrone & Mikhailov, 2017) it is suggested that positive trend in Ti = Tn below 200 km obtained
by Zhang et al. from ISR observations may be related to the ISRmethod routinely using the unchangedmodel
of ion composition and correspondingly the unchanged mean ion mass m+, which is crucial for the method.
Using the retrieved aeronomic parameters, negative trends in m+ were obtained at 175 km, and this should
correspond to negative trends in Tn = Ti as ion-line ISR observations are sensitive to the Ti/m+ ratio (Beynon &
Williams, 1978).

We have repeated these calculations using the revised method for four midlatitude stations: Juliusruh
(54.6°N;13.4°E), Slough (51.5°N;359.4°E), Rome (41.9°N;12.5°E), and Moscow (55.5°N; 37.3°E) where iono-
grams are manually scaled for monthly median foF1. Figure 3 gives m+ solar cycle variations at 175 km
for June 12 LT (left panels) and δm+ = (fcal � freg)/freg obtained after a regression of calculated m+ with
monthly index F10.7 to remove the dependence on solar activity. The variations in both panels are 5-year
running mean smoothed.

Figure 3 manifests pronounced solar cycle variations in m+ at a fixed (175 km) height, which are not taken
into account (at least at Millstone Hill) during the development of ISR observations.

Table 1 presents the significance of the linear trends (Y = b1 × year + b0, b1 determines the trend) along with
the regression coefficients given with the corresponding confidence intervals.

Figure 3. Calculated 5-year runningmean smoothedmean ion mass m+ and δm+ at 175 km for June noontime conditions.
Straight lines = linear trends estimated over all years.
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Table 1 and Figure 3 show that trends are negative and statistically
significant at the (90–99)% confidence levels apart from Moscow where
the trend is also negative but insignificant; b1 coefficient is small, and
the confidence interval is large. This may be attributed to the lack of
reliable ionospheric observations in the 1990s.

These new results confirm our earlier conclusion that positive Tn trends
obtained by Zhang et al. at F1 region heights may be related to the ISR
method routinely using the unchanged model of ion composition and
correspondingly the fixed ion mass under varying geophysical conditions.
The obtained negative trend in mean ion mass implies a negative trend in
ion temperature Ti as ISR ion-line observations are sensitive to the Ti/m+

ratio. In this case the ISR routine observations development with the unchanged model of O+/Ne (and m+

correspondingly) overestimates real Ti resulting in a positive Ti trend at 175 km—that what is seen at all
ISR facilities considered by Zhang et al. (2016). This is a clear and straightforward explanation of the abnormal
Ti long-term variations at F1 layer heights observed with ISRs.

4. Retrieved Tex

Zhang et al. note that our retrieved Tex persistently by 100–200 K are higher thanMSIS Tex in medium to high
solar activity, while MSIS monthly Tex is usually very accurate.

Our improved method now gives Tex values, which are close to MSIS-86 Tex under all levels of solar activity
(Figure 4), and this discussion could be closed; however, some comments should be made in relation with
this issue.

On one hand, nobody has shown that MSIS Tex is the absolute truth. Moreover, there are serious doubts
concerning the accuracy of Tex used in MSISE-00 (as an example) obtained with the method by
Buonsanto and Pohlman (1998). They just used MSIS neutral composition to find Tex from Millstone Hill
ISR observations without any discussion of possible errors related to using of model neutral composition,
which is not matched to Tex they are looking for. Further Ti values used in this method were obtained under
the unchanged model of ion composition under variable geophysical conditions, and this may be a real

Table 1
Significance of m+ Linear Trends Along With Regression Coefficients Given
With the Corresponding Confidence Intervals

Station
Significance of the

trend (%) b1 × 10�5 b0 × 10�1

Moscow Insignificant �5.912 ± 5.990 1.173 ± 1.191
Slough 90 �7.087 ± 5.695 3.187 ± 0.930
Juliusruh 99 �16.01 ± 4.680 3.187 ± 0.930
Rome 95 �21.30 ± 10.02 4.231 ± 1.992

Figure 4. Retrieved and MSIS-86 model Tex solar cycle variations for June 12 LT conditions.
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source of errors. In their paper the difference between the retrieved and
MSIS-86 Tex is more than 150 K (their Figure 3, top left panel) for summer
daytime hours under solar maximum. The MSISE-00 disturbed Tex are
taken in accordance with Litvin et al. (2000). Under daytime summer solar
maximum conditions (June 1991) using a similar method the authors
obtained Tex, which are less than MSIS Tex by (150–200) K (their Figure
1, bottom panel). Averaged Millstone Hill Tex values are systematically
less than MSIS-90 values, and this difference increases up to ~50 K with
increasing of solar activity (Picone et al., 2002, their Figure 4). Thus, differ-
ent versions of MSIS model give different Tex.

On the other hand, different empirical thermospheric models give
different Tex as well for the same geophysical conditions. Figure 5 gives
a comparison of MSISE-00 (Picone et al., 2002) to DTM-2013 model
(Bruinsma, 2015) for June noontime conditions under solar maximum.
DTM-2013 Tex are systematically larger than MSISE-00 Tex by (100–
250) K, and nobody has yet explained this glaring discrepancy.

Therefore, one should accept that at present we know Tex with the accu-
racy not better than 100–150 K especially during daytime in summer
under solar maximum conditions and our retrieved Tex are within this
inaccuracy (Figure 4).

5. Trends in foF1
Section 2 of Zhang et al. comments is devoted to a contradiction between our negative foF1 trends and
positive F1 layer trends obtained by the rest of the world. It may be shown once again that a direct regression
of monthly median foF1 with any index of solar activity (3-month F10.7 used in our paper, of just monthly F10.7)
gives a negative foF1 trend regardless relative or absolute foF1 deviations are used. Two examples for Rome
and Moscow are given in Figures 6 and 7.

To remove solar cycle variations here, we used monthly F10.7 to demonstrate that the results are practically
the same. In accordance with our method (Perrone & Mikhailov, 2016) the calculated relative
δ = (fobs � freg)/freg or absolute Δ = (fobs � freg) deviations should be smoothed. The 5-year running mean
smoothing decreases the scatter of point (compare the middle to the bottom panels) and increases the
statistical significance of linear trends. Both nonsmoothed and smoothed deviations δ and Δ manifest
negative trends (Y = b1 × year + b0, b1 determines the trend; Figures 6 and 7), their significance along with
the regression coefficients is given in Table 2.

It is necessary to distinguish changes of electron concentration at a fixed height in the F1 layer from changes
of foF1 (hmF1 height changes with geophysical conditions). In the first case the situation is a trivial one. Under
a subsidence (shrinking) of the thermosphere with the embedded ionosphere the electron concentration will
increase at any fixed height below F2 layer maximum as the bottom side Ne (h) gradient is a positive one.
Namely, this effect was mentioned by Rishbeth and Roble (1992). Of course, a 50% increase of Ne at
180 km is impossible even under a double CO2 increase scenario (see a critical analysis of their results made
by Mikhailov, 2008), but theoretically, such effect may take place. However, practically, this is not easy to
check. We do not have a reliable database with median Ne (h) profiles for a sufficiently long period necessary
for long-term trend analyses. 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.” Digisonde
Ne (h) observations cover two decades at the best. ISR Ne (h) observations on one hand are episodic and
hardly can be used to construct reliable median Ne (h) profiles. On the other hand, due to problems with
ion composition at F1 layer heights the reliability of observed Ne (h) in the bottom side is hardly sufficient
for such trend analyses as this was stressed in our paper.

From this point of view the situation with foF1 looks much better. We have a homogeneous series of foF1
observations at some stations over the period of ~5 solar cycles provided with the same method of

Figure 5. A comparison MSISE-00 to DTM-2013 Tex at Juliusruh for June
2000 noontime conditions.
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vertical sounding and regulated by Union Radio Scientifique Internationale official recommendations.
The only problem is that automatic ionogram scaling being widely introduced cannot compete with
manual scaling. For this reason we are selecting stations where ionograms are still manually scaled;
they are in Europe, Russia, and Japan. Such manually scaled monthly median foF1 gives negative long-
term trends (e.g., Figures 6 and 7), and namely, such observations are used with our method to retrieve
aeronomic parameters.

Authors of the comment relate a decreasing m+ trend obtained in our analysis to the negative trends in foF1
observed on Rome, Juliusruh, and Sodankylä ionosonde stations contrary the results by Zhang et al. (2011)
who found a positive trend in the F1 layer electron concentration. Earlier, it was stressed that a trend in
foF1 is not the same as a trend in electron concentration at a fixed height. Ground-based ionosonde foF1
observations are a routine everyday process regulated by the Union Radio Scientifique Internationale recom-
mendations, and the inaccuracy of foF1 observations is 0.1 MHz; for monthly median foF1 it cannot be larger
anyway. On the other hand, we have episodic ISR observations of electron concentration read from a 20-km
height interval in the F1 region (Zhang et al., 2011) with a large Ne (h) height gradient and unknown ion com-
position for a particular geophysical conditions of the analyzed day. It is obvious that the reliability of the
observational material is different in the two cases (see also Figure 8 with Ti trends). Contrary to the state-
ment by Zhang et al., it should be stressed that the negative m+ trend in our analysis was obtained

Figure 6. June noontime monthly median foF1 at Rome (top panels) along with relative δfoF1 (left column) and absolute
ΔfoF1 (right column) variations obtained after the regression with monthly F10.7. Bottom panels—5-year smoothed δfoF1
and ΔfoF1 variations. Straight lines = linear trends estimated over all years.
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directly from the observed monthly median foF1 observations rather than from foF1 negative trend which in
its turn just reflects foF1 variations.

6. Discussion

Although Zhang with coauthors deal with ion temperature Ti, they identify
it with the thermospheric neutral temperature as this follows from
their publications:

“Up to about 400 km, the ion temperature is relatively close to the neutral
temperature” (Holt & Zhang, 2008);

“Ionospheric ion temperature Ti is an excellent approximation to neutral
temperature Tn in the thermosphere, especially for altitudes below
300 km” (Zhang & Holt, 2013);

“We have analyzed Ti data near 350 km altitude over the time span 1966–
2012 to seek explanations for three outstanding questions concerning the
long-term cooling observed in the upper thermosphere since the late
1970s: (1) Why is the cooling so much larger than expected, (2) why has
the cooling lasted so long, and (3) why is the thermospheric density

Figure 7. Same as Figure 6 but for Moscow.

Table 2
Significance of foF1 Linear Trends at Rome and Moscow Along With Regression
Coefficients Given with the Corresponding Confidence Intervals

Station Deviation
Significance

(%) b1 × 10�4 b0 × 10�1

Rome Δ 90 �13.57 ± 12.62 26.88 ± 25.07
δ 90 �2.898 ± 2.414 5.740 ± 4.796

Δ smoothed 99 �13.99 ± 6.474 27.7 ± 12.86
δ smoothed 99 �2.970 ± 1.255 5.882 ± 2.493

Moscow Δ ~90 �14.32 ± 13.91 28.37 ± 27.62
δ 90 �2.907 ± 2.769 5.757 ± 5.501

Δ smoothed 99 �14.60 ± 11.16 28.93 ± 22.18
δ smoothed 99 �2.946 ± 2.263 5.836 ± 4.496
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response to the cooling so small” (Oliver et al., 2013). This example clearly
tells us that the authors are speaking about global thermospheric cooling
rather than ion temperature trends.

Long-term trends in neutral temperature Tex (supposing Tn = Ti) of
�(10–30) K per decade and even larger—up to �60 K per decade
(Donaldson et al., 2010) obtained from ISR observations are incredible.
Such Tex trends cannot be reconciled with the satellite drag observa-
tions by Emmert (2015). If long-term trends in the upper atmosphere
and ionosphere are due to long-term variations in solar and geomag-
netic activity (a natural origin), then after removing these effects, the

residual trends are very small and statistically insignificant—this is our position. If trends have an anthro-
pogenic origin (CO2 concentration increase), then we should have the following. According to Rishbeth
(1990) and Rishbeth and Roble (1992) estimates under a double CO2 increase scenario, the thermosphere
should cool by ~50 K. We are still far from this situation having only a 28% CO2 increase in the Earth’s
atmosphere comparing to the 1960 level with 320 ppm (https://www.co2.earth). Therefore, in the case
of a linear dependence one may expect a 14-K decrease in the exospheric temperature. Under the
accepted rate of CO2 increase 5% per decade the cooling process has started ~50 years ago and this gives
the cooling rate of ~2.8 K per decade. This is close to the Emmert (2015) estimate of Tex trend �(1–2) K
per decade obtained over the (1967–2005) period from the trend in neutral gas density of �2.0 ± 0.5% per
decade at 400 km.

In the case of ISR trends (again supposing that Tn = Ti) a decrease in Tex of ≥100 K is expected over the
period of five decades. Taking MSIS-86, an average Tex = 1000 K and a 100 K Tex decrease, we obtain at
middle latitudes a 46% decrease in neutral gas density at 400 km. With the same five-decade period we
get an ~�9% per decade trend in neutral gas density. This is by 4.5 times larger than satellite drag
observations indicate. There are no reasons not to believe in satellite drag observations by Emmert
(2015). We do not touch this issue here, but large Tex changes predicted by ISR method would have
been seen in ionospheric parameter long-term variations but ionospheric observations do not confirm
this. The same conclusion has been recently formulated by Solomon et al. (2018) using WACCM-X
model simulations:

“Another problem with observational evidence of thermospheric cooling is that analyses of Ti measured by
ground-based radars appear to show cooling rates as much as an order of magnitude larger than those
derived from satellite drag.”

And further, “… a rate of change as large as -30 K/decade would cause a 50% reduction of thermospheric
density over the 50 year span of radar and satellite drag data records, which would be conspicuous in other
thermosphere and ionosphere measurements, including hmF.”

Further Ti trends inferred from ISR observations manifest a strong height dependence being positive
below 200 km with a peak at ~175 km and increasingly negative at larger altitudes (Zhang et al., 2016, their
Figures 12 and 15). There is no reasonable physical explanation to such positive trend in Tn below 200 km
where really Tn ≈ Ti (see later). Figure 8 taken from Zhang et al. (2011) gives an idea how such positive Ti
trends were obtained. The significance of these trends is not discussed in the paper, but under a scatter of
points ±500 K a small and statistically insignificant correlation coefficient between Ti values and years is guar-
anteed. In this case the corresponding linear trend will be statistically insignificant as well anyway the confi-
dence level for these trends is not given in the paper by Zhang et al. (2011). As usual in ionospheric parameter
trend analyses the linear trend depends on the series length. The trend in Figure 8 will be positive if the series
is ended at 1990–1995 and negative considering 1990–2006 years.

On the other hand, a negative trend in neutral temperature (supposing that Tn = Ti) increasing with height
looks also questionable as the atmosphere above 300 km is isothermal and the temperature trend should
be height independent.

It should be reminded that ion temperature Ti is not equal to neutral temperature Tn. Depending on
geophysical conditions and the height in the ionosphere, the difference between two temperatures may
be sufficiently large. Equating the ion thermal energy input from electron-ion collision to that lost through

Figure 8. Ion temperature trends obtained at F1 layer heights.
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collisions with neutral particles, an approximate expression for the ion
temperature can be obtained ignoring thermal conduction (Banks &
Kockarts, 1973):

Ti ¼ Tnþ αNe=Nnð ÞT�1=2
e

1þ αNe=Nnð ÞT�3=2
e

(1)

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

From (1) we may write

Ti� Tn ¼ αNe

NnT3=2e

Te� Tið Þ (2)

From (2) it is possible to estimate the difference between Ti and Tn.
Millstone Hill daytime observation (http://madrigal.haystack.mit.edu/
madrigal/) for ~30 experiments in 1986–2000 was used to get Ne, Te,
and Ti height profiles. Neutral number densities were obtained from the
MSISE-00 model (Picone et al., 2002) for the conditions in question.

Figure 9 indicates that below ~250 km the (Ti� Tn) difference is small and
σ is also small but both characteristics strongly increase with height. This
means that below 200- to 250-km ion temperature may be successfully
used as an approximation of Tn but this is not so at larger altitudes

(Figure 9). In fact, ISR temperature trends obtained at large altitudes should be attributed to Ti long-term
trends rather than to Tex ones.

Thus, we should acknowledge that Ti trends inferred from ISR observations are not the trends in the
thermospheric temperature and such Ti trends obtained at large altitudes should not be treated as the trends
in Tex. The other question is—why the ISR method provides such Ti trends?

In our paper (Perrone & Mikhailov, 2017) we have suggested that positive temperature trends obtained by
Zhang et al. (2016) below 200 km might be related to the ISR method, which routinely uses a fixed model
of ion composition (O+/Ne) and consequently a fixed model of mean ion mass m+ (which is crucial for the
ISR method) independently on geophysical conditions. It was shown that at 175 km where Ti = Tn
(Figure 9) and ISR trends are large and positive (Zhang et al., 2016, their Figures 12 and 15) mean ion mass
demonstrates strong solar cycle variations and a negative long-term trend. The result was obtained for the
analyzed period of five solar cycles. Ion-line ISR observations are sensitive to the Ti/m+ ratio (Beynon &
Williams, 1978); therefore, the negative trend in mean ion mass at F1 region heights should result in a
negative Ti trend. But a fixed model of mean ion mass used in routine ISR observations (namely, such data
are used for trend analyses) resulted in overestimated Ti values and a positive Ti trend in the F1 region
(Zhang et al., 2016). Keeping in mind that Tn = Ti at F1 layer heights (Figure 9), a positive Tn trend with the
maximum around 175 km (Zhang et al., 2016) has no reasonable physical explanation and this effect should
be attributed to the limitation of the ISR method using a fixed model of ion composition under varying
geophysical conditions.

There are other strange results with Tn trends (supposing Tn = Ti) obtained with ISR observations. Zhang and
Holt (2013, their Figure 4) have obtained positive Ti trends below 300 km for nighttime hours with the
maximum warming of +1.624±0.191 K/year (>16 K per decade) at 275 km. Such result cannot be reconciled
with the thermosphere cooling hypothesis especially at heights above 200 km, where Tn is close to Tex
during nighttime hours. No reasonable explanation to this result has been given yet. Averaging daytime
and nighttime trends, the authors have obtained an average cooling trend of �4 K per decade for
250–300 km over the (1968–2006) period with the following reservation: “However, due to large day-night
differences and strong altitude dependence, this rate has a large uncertainty” (Zhang et al., 2016).

This effect may have the same origin as heating at 175 km analyzed earlier. Ion composition and
correspondingly mean ion mass are different during daytime and nighttime hours below 300 km, but this
is not taken into account under routine ISR observations (at least at Millstone Hill) and a fixed model of ion

Figure 9. Height dependence of (Ti-Tn) estimated from (2) using Millstone
Hill Ne, Te, and Ti daytime observations. Error bars indicate ±1σ uncertainties.
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composition is used. Mean ion mass at 200–300 km increases during daytime hours as NO+ and O2
+

concentrations increase, and m+ decreases in the night directing to m+ of O+ ions when the concentration
of molecular ions strongly decreases. Thus, Tn = Ti is systematically overestimated at night as ISR observations
are sensitive to the Ti/m+ ratio (Beynon &Williams, 1978). On the other hand, due to cooling and subsiding of
the thermosphere (in the framework of the CO2 increase hypothesis), the ionosphere with a given O

+/Ne ratio
will also move down and at each level m+ will decrease directing to m+ of O+ ions. This should result in a
positive Tn trend (working with a fix model of ion composition) observed by Zhang and Holt (2013)
below 300 km.

7. Conclusions

To meet the demands of referees, we have changed the method including two additional parameters:
temperature at 120 km and the shape factor S, both along with Tex specify the neutral temperature Tn (h)
profile. Although the undertaken analysis has shown that these two parameters stay close to MSIS model
values (the average bias is 5–8%), this inclusion has increased the level of self-consistency of the method.
This has removed the referees’ concerns that Tn (h) may not correspond to real neutral temperature profile
at F1 region heights. Now we have a complete set of aeronomic parameters responsible for the midlatitude
F1 region formation. With this method we have confirmed our main result: Mean ion mass at 175 km
manifests pronounced solar cycle variations and a negative long-term trend during daytime hours. Neglect
of this negative trend in m+ may explain (at least qualitatively) the appearance of positive trends in neutral
temperature at F1 region heights obtained with the ISR method.

This is a clear and straightforward explanation of the abnormal Tn = Ti long-term variations at F1 layer heights
observed with ISRs. Positive Ti trends below 300 km for nighttime hours (when Tn = Ti) obtained with ISRs
may have the same origin related to mean ion mass variations. The undertaken analysis leads us to a general
conclusion that the ISR method gives unreal neutral temperature long-term trends.
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