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Abstract –Greenhouse gases such as carbon dioxide and methane that are causing climate change may
cause long-term trends in the thermosphere and ionosphere. The paper aims to contribute to exploring
long-term effects in the ionosphere focusing on the impact of solar activity changes. Peak electron density
data derived from vertical sounding measurements covering 65 years at the ionosonde stations Juliusruh
(JR055), Boulder (BC840), and Kokubunji (TO536), have been utilized to estimate the long-term behavior
of daytime ionospheric F2 layer ionization in relation to the solar 10.7 cm radio flux index F10.7. In
parallel, Global Navigation Satellite System (GNSS) based vertical total electron content (TEC) data over
the ionosonde stations in combination with the peak electron density data have been used to derive the
equivalent slab thickness s for estimating long-term behavior in the period 1996–2022. A new approach
has been developed for deriving production and loss term proxies for studying long-term ionization effects
from F2 layer peak electron density and TEC data. The derived coefficients allow for estimating the long-
term variation of atomic oxygen and molecular nitrogen concentrations including their ratio during winter
months. The noon-time slab thickness values over Juliusruh correlate well with the decrease of F10.7 and
the F2 layer peak height and enable estimating the neutral gas temperature. The equivalent slab thickness
decreases by about 20 km per decade in the period 1996–2022, indicating a thermospheric cooling of about
100 K per decade for Juliusruh. Whereas the oxygen concentration decreases, the loss term, considered as a
proxy for molecular components of the neutral gas, in particular N2, increases with the long-term solar
activity variation. Considering 11-year averages of the production and loss terms under wintertime
conditions, the long-term study reveals for the O/N2 ratio a percentage decrease of 5% per decade and
for F10.7 about 3.1% per decade in a linear approach referred to the year 1970. Linear models of 11 years
averaged NmF2 and foF2 from corresponding F10.7 show a very close correlation with the temporal
variation of F10.7 until about 1990. The root mean square errors are in the order of 1.0–1.3 � 1010 m�3

for NmF2 and 0.03–0.05 MHz for foF2. After 1990 the linear models deviate from F10.7 at all selected
mid-latitude ionosonde stations indicating a non-local effect.
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1 Introduction

Earth’s atmosphere is experiencing long-term changes due
to the increasing concentration of carbon dioxide and other trace
gases. Thus, the question arises as to how climate change,
observable at the Earth’s troposphere and hydrosphere, impacts
the Geo-space in the thermosphere and ionosphere and how sig-
nificant such changes are.

Long-term trends of atmospheric and ionospheric behavior
have been studied for more than 3 decades starting with model-
ing of consequences of an increased concentration of carbon

dioxide and methane by Roble & Dickinson (1989). Consider-
ing these results in light of the basic theory of the ionosphere,
Rishbeth (1990) concluded that the predicted so-called “global
cooling” of the thermosphere would not have significant conse-
quences for the electron density. The main ionospheric conse-
quences could appear as a decrease of the F2 layer peak
height hmF2 by about 15-20 km. This conclusion is underlined
by Solomon et al. (2015) by 3D simulation studies. On the other
hand, assuming doubled CO2, simulation studies by Qian et al.
2009 running a coupled thermosphere and ionosphere general
circulation model revealed a significant reduction of the peak
density height hmF2 and peak density NmF2 of up to 40%
depending on diverse geophysical factors like geographic*Corresponding author: norbert.jakowski@dlr.de
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location, local time, season and solar activity level. Considering
these different estimations, further studies are needed utilizing
new data sets.

Considering the availability of long-term observations by
ionosonde stations, many attempts have been made to derive
long-term trends of ionospheric parameters such as foF2,
hmF2 or foE (Bremer, 1992; Rishbeth, 1997; Mikhailov &
Marin, 2001; Hall et al., 2011; Laštovička et al., 2006; Bremer
et al., 2012; Mielich & Bremer, 2013; Cnossen & Franzke,
2014; Sivakandan et al., 2023). A comparison of different
methods for deriving foF2 long-term trends is given by
Laštovička et al. (2006). Considering highly reliable Juliusruh
foF2 data within the years 1976–1996, they found either very
small negative or insignificant trends. Weak or even ambiguous
results are obtained also in other studies (e.g. Ulich et al., 2003;
Laštovička et al., 2012; Cai et al., 2019).

Due to the complex coupling processes in the magneto-
sphere-ionosphere-thermosphere (MIT) system, many processes
are modified if only one parameter is changing. Related prob-
lems have been addressed by Danilov (2017) and Laštovička
& Jelínek (2019). Whereas Danilov (2017) underlines the impact
of data length and seasonal and diurnal effects, Laštovička &
Jelínek (2019) consider natural variability, data problems, and
methodology separately. Some methodology uncertainties may
be introduced by considering the entire day, allowing all seasons
to be included, and not specifying the period and length of the
initial data series as pointed out by Danilov (2017). Furthermore,
besides the main solar activity control and changes (Tapping &
Valdés 2011) several impact factors have the potential to
substantially modify the ionospheric electron density due to
complex mechanisms of action. These are for example: long-
term changes in geomagnetic field configuration that can affect
the electron density via changes in plasma transport and via
changes in the geographic distribution of energetic particle pre-
cipitation at high-latitudes (e.g. Cnossen & Richmond 2008,
2013; Elias et al., 2010). Variations in geomagnetic activity
levels affect also in particular the high latitude ionosphere via
changes in energetic particle precipitation (Mikhailov & Marin,
2001; Cnossen & Franzke, 2014). Changes in the concentration
of atomic oxygen and molecular nitrogen affect the production
and loss processes (Zhang & Paxton, 2011; Danilov, 2017;
Perrone et al., 2017). Changes in dynamic coupling processes
from below e.g. gravity waves can cause cooling in the thermo-
sphere and changes in turbulent mixing and related effects are
not yet well understood (Oliver et al., 2013). Finally, changes
in the greenhouse gas concentration may also affect the temper-
ature and structure of the ionosphere (Qian et al., 2006, 2009;
Solomon et al., 2015). Thus, separating a potential anthro-
pogenic impact on ionospheric observables from their natural
variability is an extremely difficult task.

As underlined by Laštovička & Jelínek (2019), a long-time
series of consistent and homogeneous measurements are
required to be suitable for trend studies.

With the permanent availability of GPS signals since 1995,
additional parameters such as the Total Electron Content (TEC)
and the equivalent slab thickness, commonly abbreviated by s,
have been used for long-term studies (Lean et al., 2016; Emmert
et al., 2010, 2017; Laštovička et al., 2017; Jakowski et al., 2017;
Zhang et al., 2021). Following the classical Chapman theory,
the equivalent slab thickness s, defined by s = TEC/NmF2, is

proportional to the thermospheric scale height under diffusive
equilibrium conditions. Since the thermospheric scale height
is proportional to the neutral gas temperature Tn, the equivalent
slab thickness is directly related to the neutral gas temperature.
Because NmF2 corresponds to the F2 layer peak height hmF2
and the center of mass of TEC refers to an altitude range of
about 350–400 km, it is expected that the equivalent slab thick-
ness has the potential to estimate the neutral gas temperature in
the topside ionosphere under diffusive equilibrium conditions in
the ionosphere around noon. Thus, thermospheric cooling could
be studied by analyzing noontime equivalent slab thickness data
(Jakowski et al., 2017). Being aware that solar irradiation dom-
inates the long-term electron density behavior, identification of
changes in the relationship between solar activity and iono-
spheric variables over a long time can help to clarify the under-
lying physical mechanism in long-term trends. Hence, we
compare the long-term variation of the solar radio flux index
F10.7 with the variation of ionospheric variables like NmF2,
foF2, and TEC using a linear approach to check whether the
relationship is conserved or changes over time. In Section 3.1
we focus the analysis on the period 1996–2022 which enables
us to study the long-term behavior of TEC and the equivalent
slab thickness over more than two solar cycles. For the first
time, we consider the long-term behavior of production and loss
coefficients of balance equations for NmF2 and TEC. The
results should help to better understand and get some ideas
for modeling the long-term variation of the electron density in
relation to solar activity changes. Following this idea, we have
modeled the variation of NmF2 and foF2 to derive long-
term trends of these parameters described in chapter 3.4. For
this modeling approach, we have used long-term ionosonde
foF2 data covering more than five solar cycles from three iono-
sonde stations Juliusruh (54.6�N; 13.4�E), Kokubunji (35.7�N;
139.5�E) and Boulder (41.6�N; 254.7�E) and related TEC
including equivalent slab thickness observations since 1996,
thus covering more than two solar cycles.

2 Database and data preparation

The peak electron density NmF2 and peak electron density
height hmF2 used in this study are derived from ground-based
vertical sounding observations recorded in so-called ionograms.
In this paper, we use manually scaled data of critical frequencies
foF2 and derived hmF2 from the ionosonde station Juliusruh
(JR055) which has been continuously operating since 1957 over
more than 5 solar cycles. The data are obtained directly from the
Juliusruh observatory, but can also be obtained from the iono-
spheric section of the WDC at the Australian Space Weather
Forecasting Centre https://www.sws.bom.gov.au/World_Data_
Centre/1/3. The F2 peak density height hmF2 is calculated using
the so-called propagation factor M(3000)F2 (M(3000)F2=MUF
(3000)F”/foF2) obtained from manually scaled M(3000)F2
values derived from ionograms and the formula given by
Shimazaki (1955):

hmF2 ¼ 1490=Mð3000ÞF2� 176: ð1Þ

Manually scaled foF2 data from the Japanese station Kokubunji
(TO535/TO536) are obtained from the National Institute of
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Information and Communications Technology https://wdc.nict.
go.jp/IONO/HP2009/ISDJ/index-E.html.

foF2 data from the US-station Boulder (BC840) are obtained
from World Data Center C1 https://www.ukssdc.ac.uk/cgi-bin/
wdcc1/secure/iono_data.pl (1958/07–2002/12, manually scaled)
and from the Global Ionospheric Radio Observatory (Reinisch &
Galkin, 2011) https://giro.uml.edu/didbportal/didb-web-portal/
(2004/03–2022/12, automatically scaled).

The peak electron density NmF2 analyzed and required for
computing the equivalent slab thickness is derived from foF2
vertical sounding data by the relation

NmF2 ¼ 1:24 � 10�2ðfoF2Þ2 ð2Þ
in SI units.

An overview of ionosonde stations used in this study is
given in Table 1.

The accuracy of foF2 estimates is in the order of 0.1 MHz
(about 2 � 1010 m�3 at 9 MHz) for manually scaled values from
undisturbed ionograms or less than 0.5 MHz for automatically
scaled ionograms. From all stations half-hourly data sets of
foF2 (1958–2022) have been prepared for each day, hmF2 data
(1996–2022) only from Juliusruh. Since we need at least a half-
hourly time resolution in subsequent data analysis, original
hourly data have been linearly interpolated. To reject outliers,
which commonly appear in observation data, we have extracted
monthly medians for further analysis. If needed and if no more
than one value is missing in the time series, we have filled data
gaps by linear interpolation between neighbor values, e.g. miss-
ing yearly averaged noontime data at BC840 in 2003 have been
interpolated by using corresponding data from 2002 to 2004.
The median foF2 data have then been transformed into electron
density values according to equation (2). Furthermore, we have
calculated central time derivatives spanning a time interval of
1 h for each half hour.

TEC data are commonly derived from radio signals of
Global Navigation Satellite Systems (GNSS) at two coherent
L band frequencies. The analysis procedure of how TEC data
can be derived from GNSS measurements is described in former
publications (e.g. Jakowski, 1996; Jakowski et al., 2011). For
computing the equivalent slab thickness s over vertical sound-
ing stations the related vertical TEC data are converted from
measured slant radio link-related TEC measurements as
described by Jakowski et al. (2017). TEC data over JR055 were
provided by DLR (SWACI – Space Weather Application
Center Ionosphere project) up to 2010 (Jakowski et al., 2008).
SWACI TEC data having a time resolution of 10 min were
limited over the European region and available from 1995 until
2010. Therefore, we could use SWACI data only for the
Juliusruh station until 2010. Later, TEC data provided by
the International GNSS Reference Service (IGS) were used.

Thus, CODE (Center for Orbit Determination in Europe) is an
IGS associate analysis center and has been routinely generat-
ing a Global Ionosphere Map (GIM) daily since 1996 (Schaer
et al., 1998). Daily IONEX (IONosphere EXchange) files
of one/two hourly (one-hour resolution since 2015) global
TEC maps were downloaded from the CDDIS (Crustal
Dynamics Data Information System; Noll, 2010) archive
ftp://cddis.gsfc.nasa.gov/pub/gps/products/ionex. TEC values
were interpolated over ionosonde stations every half an hour
using spatial and temporal interpolation. Note that for
Kokubunji and Boulder stations only CODE TEC data were
used since SWACI data only covers the European region.

The derived half-hourly vertical TEC data sets (1996–2022)
over the selected ionosonde stations have been combined with
half-hourly NmF2 and hmF2 data. Finally, central time derivates
were computed for each half hour and then monthly medians
were computed. For correlating the ionosphere data with the
solar activity level, we used the well-known solar radio flux
index at 10.7 cm wavelength (F10.7). For longer time scales
F10.7 is the most suitable index as shown by Wintoft (2011)
and confirmed in ionospheric studies by Mielich & Bremer
(2013). Monthly averaged values of F10.7 are available via the
NOAA archive: https://www.ngdc.noaa.gov/stp/space-weather/
solar-data/solar-features/solar-radio/noontime-flux/penticton/
penticton_absolute/listings/listing_drao_noontime-flux-absolute_
monthly.txt, since 1947. The daily measured solar radio flux or
Penticton index F10.7 has been made by the National Research
Council of Canada (NRCC) since 1947 and is measured in
so-called solar flux units (1 sfu = 10�22 W Hz�1m�2).

3 Observations and discussion

As already mentioned, two time periods will be considered
in this paper. Thanks to long-term foF2 data sets from iono-
sonde stations Juliusruh, Boulder, and Kokubunji, covering
more than 65 years from 1958 to 2022, there is a possibility
to estimate reliable long-term changes in relation to the solar
activity given by the solar radio flux index F10.7. The other
key parameter of the ionosphere, the TEC, is continuously
available after GPS became operational in 1995. Thus, starting
with complete data sets for Juliusruh in 1996, we were able to
study the temporal variation of TEC and the equivalent slab
thickness over 21=2 solar cycles. To reduce the impact of diurnal
dynamics we focus in the subsequent analysis on nearly equilib-
rium conditions in the ionosphere and selected data. Following
this strategy, we selected our study for all parameter values
around noon, including the period 12–14 LT, being aware that
the peak density is commonly reached after 12 LT. Thus, if

Table 1. Coordinates and data coverage of vertical sounding stations used in the paper.

Ionosonde station URSI ID Geographic
latitude [�N]

Geographic
longitude [�E]

foF2/NmF2
data coverage

Juliusruh JR055 54.6 13.4 1958–2022
Kokubunji TO536 35.7 139.5 1958–2022
Boulder BC840 41.6 254.7 1958–2002

2004–2022
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not explicitly mentioned otherwise, the presented results refer
always to mid-day conditions around 13 LT.

3.1 Long-term TEC and equivalent slab thickness
behavior

To get a general impression of the variability of analyzed
ionospheric key parameters, Figure 1 shows the variation of
monthly medians of the F2 layer peak electron density NmF2
and peak height hmF2 at noon in the years 1996–2022 over
Juliusruh in comparison with related monthly means of F10.7.
Whereas the minimum values of F10.7 are relatively stable,
the peak values around the years 2012–2015 are substantially
lower compared with the maximum around 2000–2003. The
related peak electron density NmF2 and the peak height
hmF2 behave similarly as the subsequent analysis will show
in more detail.

Similar plots for vertical TEC and the equivalent slab thick-
ness are shown in Figure 2. The equivalent slab thickness s is
computed by the relationship:

s ¼ TEC

NmF2
: ð3Þ

Again, the data indicate a clear seasonal variation superposed on
a long-term decrease associated with the decreasing solar activ-
ity index F10.7. For studying the long-term trend in more detail,
the strong seasonal variation of NmF2, hmF2, TEC, and s is
removed by computing yearly averages. Since the availability
of full yearly TEC data sets started in 1996 at the earliest, the
subsequent data analysis for stations Juliusruh, Kokubunji
and Boulder considers the time window 1996–2022 covering
21=2 solar cycles.

The variation of yearly averages of noontime TEC over all
three stations is shown in Figure 3 in comparison with corre-
sponding linear regression lines. Availability of reliable TEC
data at Boulder and Kokubunji start somewhat later, in 2000
and 2002, respectively.

The negative slopes per decade derived for all parameters
from related linear regression lines are summarized in Table 2.
The associated Pearson correlation coefficients of parameters

with F10.7 and the Root Mean Square Errors (RMSE) are also
provided in Table 2.

A comparison of the temporal variation of the equivalent
slab thickness at all three stations is shown in Figure 4. Consid-
ering the similar behavior of s over the stations it is worth men-
tioning that the derived slopes of the regression lines are
somewhat different. This is obviously due to the different start
times of data intervals: JR055 in 1996, BC840 in 2000, and
TO536 atin 2002 resulting accordingly in quite different slopes
for F10.7 (Table 2). It is confirmed that derived slopes depend
considerably on the years analyzed and the interval length. The
strong drop of the equivalent slab thickness over Juliusruh from
1996 to 2010 easily explains the rather high negative slope of
�52 km/decade for s reported in the earlier study by Jakowski
et al. (2017). The longer time scale from 1996 to 2022 provides
a much lower decrease of 25.6 km per decade which sounds
more reasonable. This discrepancy underlines our understanding
that reliable long-term studies require a time series covering at
least more than two solar cycles.

Whereas the equivalent slab thickness over Juliusruh and
Kokubunji behaves very similarly, the equivalent slab thickness
over Boulder is about 20–40 km larger over the entire period of
20 years from 2002–2022. This fact remains unexplained but
might be related to longitudinal effects and/or uncertainties in
TEC data biases.

To reduce the solar activity impact Jakowski et al. (2017)
proposed analyzing the equivalent slab thickness of the iono-
sphere because this quantity is less sensitive to the solar activity
cycle and furthermore, is related to the neutral gas temperature
under ionospheric equilibrium conditions around noon. To esti-
mate the neutral gas temperature at peak electron density height
we follow estimations made by Titheridge (1973). In his study,
Faraday rotation measurements of TEC revealed an estimation
of the thermospheric temperature Tn at peak density heights
for daytime conditions according to:

T n � ðs � 15Þ=0:225: ð4Þ

Since Faraday rotation-based TEC estimates are more weighted
at lower heights due to the decrease of the geomagnetic field

Figure 1. Solar cycle dependence of monthly noontime medians of
ionosonde parameters NmF2 and hmF2 over Juliusruh compared
with the solar activity proxy F10.7 for solar cycles 23–25.

Figure 2. Solar cycle dependence of monthly noontime medians of
ground-based TEC measurements and s over Juliusruh in comparison
with the solar activity proxy F10.7 for solar cycles 23–25.
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intensity with height, GNSS-based TEC data and related slab
thickness estimates provide always higher values because they
include the plasmasphere content (cf. Jakowski & Hoque,
2018). Being aware of this difference, we have modified the for-
mula for GNSS-based estimates of the equivalent slab thickness
according to:

T n � ðs � 40Þ=0:25 ð5Þ
with s in km and Tn in K.

The obtained variation of Tn over Juliusruh during the
period 1996–2022 is shown in Figure 5 in comparison with
hmF2 and F10.7 variations. This estimation fits in a qualitative
manner with results published by Zhang & Paxton (2011) who
obtained an exospheric temperature decrease from about 1100–
1500 K in 2003 to about 600–900 K in mid-2007 (see marked
area in Fig. 5). In our estimation (cf. eq. (5) and Fig. 5) Tn
decreases from about 1200 to 850 K in the same period.
These values are consistent with temperatures modeled by

Qian et al. (2006) decreasing from about 1250 to 700 K within
the period from 2002 to 2005.

The high correlation of Tn and hmF2 with the solar activity
index is expected. Enhanced solar energy input heats and
expands the thermosphere leading to an enhanced peak height
and enhanced scale heights resulting in an increased equivalent
slab thickness. The derived average temperature decreases along
the regression lines range from about 60–100 K per decade for
selected stations. These values are higher than those obtained by
simulation studies. Solomon et al. (2010) derived a decrease of
41 K at 400 km height with the NCAR Thermosphere-Iono-
sphere-Electrodynamics General Circulation Model for the time
period 1996–2008 including realistic CO2 changes. Cooling
rates of more than 10 K/decade have been reported by Ogawa
et al. (2014) after analyzing incoherent scatter measurements
at EISCAT. Model runs by Solomon et al. (2015) under solar
minimum conditions, assuming two different enhanced CO2
levels in the thermosphere, have revealed temperature changes

Figure 3. Yearly averages of TEC [TECU], NmF2 [1010 m�3], foF2 [0.1 MHz], s [km] and hmF2 [km] at noon in comparison with the solar
F10.7 index [sfu] for selected ionosonde stations in the years 1996–2022 for Juliusruh, 2000–2022 for Boulder (2003 interpolated) and 2002–
2022 for Kokubunji. Corresponding linear regression lines are dashed. The right upper panel shows the relationship between observed TEC,
foF2, and F10.7.

Table 2. Linear regression line related decrease of ionospheric key parameters as slope per decade, Pearson correlation R with F10.7, and Root
Mean Square Errors (RMSE) derived from data sets within the period 1996–2022.

Ionosonde station Parameter NmF2 [1010 m�3] foF2 [MHz] TEC [TECU] s [km] hmF2 [km] F10.7 [sfu]

JR055 1996–2022 R 0.95 0.99 0.96 0.76 0.94
Slope �14.0 �0.7 �4.6 �25.6 �12.1 �17.4
RMSE 27.4 1.5 8.1 24.5 22.0 38.5

BC840 2000–2022 R 0.95 0.98 0.99 0.49
Slope �41.1 �1.8 �9.0 �15.9 �26.9
RMSE 46.5 1.96 10.9 25.7 32.0

TO536 2002–2022 R 0.97 0.95 0.98 0.79
Slope �10.0 �0.5 �5.8 �25.7 �13.7
RMSE 26.9 1.4 9.3 31.7 28.4
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in the order of 2–5 K. Thus, following equation (5), the
expected change of the equivalent slab thickness would be in
the order of about 1–3 km. Considering the high variability of
s, a potential CO2 impact is extremely difficult to detect via
estimates of the equivalent slab thickness within one or two
decades.

3.2 Long term foF2 and NmF2 behavior

To investigate the long-term behavior of ionospheric elec-
tron density in relation to the solar radiation input in more detail,
very long-term data sets obtained at the selected ionosonde sta-
tions over 65 years are utilized. Data gaps occur in the observa-
tions over this very long-time span. This problem is reduced
when analyzing data averaged over one year or solar cycle
length. Those data have no gaps but one must be aware that
the quality of averages might be impacted, e.g. if some months

are missing when yearly averages are computed. The higher the
degree of averaging, the smaller the effect of data gaps. Julius-
ruh provides nearly a complete foF2 data set from 01/01/1958 to
12/31/2022, thus guaranteeing a high quality of derived results.

As seen in Figure 6, the monthly medians of peak electron
density (NmF2) of the F2 layer over Juliusruh show a high
seasonal dynamic that follows the general behavior of the solar
activity level over nearly six solar cycles. The relationship of
NmF2 with the solar activity presented by the 10.7 cm radio
flux will be studied in more detail in the subsequent chapter.

Figure 7 indicates a high correlation between yearly averages
of NmF2 and F10.7. Performing a linear regression as made in
the previous chapter is less attractive here due to the big variation
of F10.7 indicating a maximum around 1990. Nevertheless, to
get some insight into the long-term behavior, the data were
averaged over an assumed mean solar cycle length of 11 years.
The results, shown in Figure 7 (upper right panel) indicate a very
similar long-term behavior of NmF2 values at all three iono-
sonde stations with F10.7. The Pearson correlation coefficient
for the entire period 1970–2022 is R = 0.98 for all stations as
carried out in more detail in the subsequent chapter. The tempo-
ral variation of NmF2 is very similar at all stations and the
absolute levels of peak electron density correlate reasonably with
the latitude of stations, i.e. they increase towards lower latitudes
due to enhanced solar radiation input.

3.3 Long-term behavior of production and loss
coefficients

All long-term variations seen in the results as presented in the
previous chapter for various key parameters of the ionosphere
are closely correlated with the solar activity characterized by
the solar radio flux at 10.7 cm wavelength. Separating
secondary effects from this dominant relationship requires an
extremely careful analysis of observation data over long periods.

To investigate the cause of negative trends of ionospheric
key parameters in more detail, the atmospheric composition,
in particular atomic oxygen O and molecular nitrogen N2 con-
centrations must be considered because their ratio has a strong
impact on the ionization level (e.g. Torr et al., 1980; Jakowski
et al., 2017).

Figure 4. Variation of the equivalent slab thickness s at local noon
during the years 1996–2022 and corresponding linear regression
lines (dashed). Start times for JR055: 1996, for BC840: 2000, for
TO536: 2002

Figure 5. Estimation of the neutral gas temperature Tn [K] above the
ionospheric peak height in comparison with hmF2 [0.5 km] estimates
for Juliusruh and F10.7 [sfu] radio flux data. Tn slope: �102 K /
decade; Pearson correlation coefficients R of Tn and hmF2 with
F10.7: R = 0.76 and R = 0.94, respectively.

Figure 6. Long-term behavior of noontime NmF2 over Juliusruh in
comparison with the solar radio flux index F10.7.
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To further analyze the data in this respect, we suggest a new
approach to better understand long-term trends and their physi-
cal background. Following Jakowski & Paasch (1984), we con-
sider the rate of change of NmF2 and TEC at sunrise and sunset
conditions (zenith angle 90�) to estimate the ionization rate and
the loss rate of plasma, respectively. According to the basic
knowledge of ionosphere physics, these quantities are related
to atomic oxygen and molecular nitrogen concentrations,
respectively. The physical background is approximated by the
continuity equation describing the electron density rate of
change in general, being aware that the ionospheric plasma is
composed of different ion types and closely related to the ther-
mosphere composition.

@ne
@t

¼ Q� L� div ne � vð Þ: ð6Þ
Here Q means the production term due to photoionization at
daytime, L the loss term due to recombination, and the diver-
gence term describes plasma loss and gain by transport pro-
cesses. Ionization due to particle precipitation is ignored
here because observations refer to mid-latitude stations. Spec-
ifying the production and loss terms in more detail, we can
write:

@ne
@t

� a � I � b � ne � div ne � vð Þ ð7Þ
where I indicate the ionizing radiation intensity, mostly EUV,
ne describes the electron density, a designates the production
coefficient, b the loss coefficient, and v stands for the plasma
velocity.

In a first approach, one can ignore the loss and divergence
terms during sunrise hours because electron density values are
still very low early in the morning. So, we get:

@ne
@t

� a � I ð8Þ

The production coefficient a is then estimated by:

a � @ne
@t

=I : ð9Þ

The ionizing part of the solar irradiation can be approximated
by the F10.7 index, i.e. assuming in the subsequent analysis
I ~ F10.7 one gets:

a � 1
F10:7

@ne
@t

: ð10Þ

Being aware that this approach is a very rough one it should be
underlined that instead of deriving a physically correct absolute
value for a we focus here on long-term relative changes in the
production term. At heights of photo production maximum at
around 180 km and above, the photoionization of atomic
oxygen clearly dominates in creating ionospheric plasma.
Following this approach, it is assumed that the a coefficient
provides a proxy of atomic oxygen a ~ [O]. It is evident that
the photoionization depends on the incidence angle of solar
radiation. Focusing on long-term behavior, this dependence is
ignored in the subsequent analysis justified by considering only
one season with similar seasonal radiation conditions at each
station. When considering sunset conditions, the photoionization
can be ignored. However, due to the accumulated ionization at
daytime, the electron density is usually much higher than during
sunrise. Thus, coupling processes with the plasmasphere and
related vertical plasma transport or wind-induced horizontal
plasma transport may contribute via the divergence term to the

Figure 7. Long-term behavior of yearly averaged noontime NmF2 values for ionosonde stations JR055, BC840, and TO536 in comparison
with the radio flux index F10.7. The upper right panel shows sliding previous 11 years’ averages of F10.7 and NmF2 for all three ionosonde
stations.
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balance of equation (6). The typical behavior of the peak electron
density over Juliusruh during summer is shown in Figure 8
(upper panels) for low (1996) and high (2002) solar activity
conditions.

Considering the increase of NmF2 around/after sunset hours
under low as well as under high solar activity conditions, it is
evident that plasma transport dominates over recombination
processes at sunset hours in summer. In some cases, the diurnal
maximum of the peak density NmF2 might even occur after
sunset forming the Midlatitude Summer Nighttime Anomaly
(MSNA) as seen in the upper panels of Figure 8 (e.g. Lin
et al., 2010; Thampi et al., 2011). Contrary to this behavior in
summer, a clear decrease of NmF2 is observed around sunset
in winter indicating that recombination processes dominate as
can be seen in the lower panels of Figure 8 characterizing winter
conditions. Nevertheless, a return flux of plasma from the
plasmasphere will also occur in winter. Under certain condi-
tions, also at nighttime in winter strong coupling processes with
the plasmasphere may increase the ionization forming the
Nighttime Winter Anomaly (NWA) discovered by Jakowski
et al. (1981, 1995, 2015) or cause nighttime enhancements
(Jakowski et al., 1991) as observed in the Northern hemisphere
at the American longitude sector and in the Southern hemi-
sphere at the Asian longitude sector.

It is worth noting that the TEC does not show a strong
difference between the summer and winter months because
vertical plasma transport is a redistribution process of plasma
inside the vertical integral of electron density with only
secondary effects on TEC. Because vertical and/ or horizontal
plasma transport is strong in summer, the months of April–
October are principally excluded from estimating the recombi-
nation coefficient b according to:

@ne
@t

� �b � ne ð11Þ

providing an estimation of the b coefficient by:

b � � 1
ne

@ne
@t

: ð12Þ

Since the b coefficient describes the loss term, i.e. the rate of
recombination, it is assumed that b is a proxy of molecular
neutral gas components, in particular of the N2 density accord-
ing to b ~ [N2]. Since the recombination process requires both
the conservation of energy and the conservation of momentum,
a direct recombination of electrons with dominating O+ ions is
rather low. Thus, the recombination of electrons in the F2 layer
is characterized by dissociative recombination where a third
collision partner is available to fulfill both conservation laws
easily. In this case, the recombination is proportional to ne
and the molecular constituents O2 and N2. Since the charge
exchange of O+ with N2, followed by the recombination of
electrons with NO+ dominates, it is assumed that b ~ [N2].

Considering equations (10) and (12) and their relationships
to neutral gas densities, by computing the ratio a/b one can esti-
mate a proxy of the O/N2 ratio that is crucial for understanding
the variability of ionospheric ionization.

Instead of the electron density also the TEC can be consid-
ered in this way (Jakowski & Paasch 1984):

Z
@ne
@t

dh � I �
Z

a dh�
Z

b � nedh�
Z

div ne � vð Þdh:
ð13Þ

Figure 8. Diurnal variation of monthly medians of TEC and NmF2 over Juliusruh under low and high solar activity conditions in summer
(June) and winter (January) in 1996 and 2002, respectively. Arrows mark sunrise (red) and sunset (blue).
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Neglecting the transport term and applying the mean value the-
orem one gets:

@TEC

@t
� �a � I � �b � TEC: ð14Þ

Thus, instead of a and b derived from peak electron density we
consider now �a and �b derived from TEC over the ionosonde
stations selected. Both parameters are computed in analogy to
equations (10) and (12) substituting ne by TEC. Thus, instead
of a and b we consider now �a and �b derived from TEC over
Juliusruh.

The production and loss coefficients a and b, computed
from NmF2 and �a and �b form TEC data over Juliusruh are
shown in Figure 9 for the time period 1996–2022.

Monthly medians of production and loss coefficients pre-
sented in Figure 9 show a considerable seasonal as well as solar
activity dependence. As indicated in Figure 8, NmF2 may even

increase during sunset in summer
� @ne

@t
> 0 orb* > 0, i.e. b < 0

�
.

As indicated in the lower panel, �b� values for TEC are
mostly below the zero line (b > 0) indicating a lower sensitivity
of TEC against vertical plasma redistribution processes com-
pared with NmF2 as expected. Nevertheless, to exclude the
observed vertical plasma transport from further estimations of
a and b (Fig. 8), we derive these parameters by averaging over
the winter months of November, December, January, and
February for subsequent analysis. So, one gets an a/b ratio that
is representative only of winter conditions for NmF2 and TEC
over the Juliusruh ionosonde station. It is worth mentioning that
the estimated loss coefficient �b of TEC is lower than for NmF2
nearly by a factor of two as seen in Figure 9. This indicates the
rather stable contribution of the topside ionosphere and plasma-
sphere to the TEC that is practically not impacted by
recombination.

For the period 1996–2022, the slopes of both a/b ratios are
negative, for NmF2 �21.8% per decade and for TEC �22.2%
per decade (Fig. 10 and Table 3). The loss coefficient slope in
both cases is found to be positive, for NmF2 22.5% per decade
and for TEC 16.6% per decade. The somewhat higher value of
the percentage loss rate for NmF2 is probably related to the fact
that the recombination mainly takes place in the bottom side
ionosphere which is consistent with the higher absolute loss rate
for NmF2 than for TEC. The stronger loss rate of NmF2 may
indicate a long-term effect that might come from below.

Considering the impact of the plasmasphere, the loss terms
derived from NmF2 data always provide a lower boundary,
indicating that a plasmasphere-free ionosphere-related a/b ratio
could even be stronger depending on related geophysical condi-
tions. Nevertheless, the increase of b during recent solar cycles
22 and 23 is a strong indicator of a long-term growing loss rate,
meaning that molecular constituents become more important in
the electron density balance. Consequently, despite the less
dynamic decrease of a compared with the F10.7 decrease, the
a/b ratio for NmF2 as well as for TEC, decreases stronger than
F10.7 over the entire period 1996–2022. Considering RMSE
values of up to 30% for all three parameters, the discussed rela-
tionship of a, b and the a/b ratio with F10.7, is statistically not
significant. Longer time series and a more detailed modeling
approach can help to get deeper insight into the long-term
behavior of these quantities.

The fundamental question is whether the enhanced loss and
decrease of the a/b ratio is only due to the solar activity change
as could be argued also from studies covering time periods of
less than two solar cycles (e.g. Zhang & Paxton 2011), or
whether other long-term factors enhancing recombination pro-
cesses in the ionosphere might play a role. Considering this
challenge, we have analyzed long-term NmF2 data sets that
have been generated at ionosonde stations Juliusruh, Boulder,
and Kokubunji over the long observation period 1958–2022.

As Figure 11 shows, production and loss coefficients as well
as their ratio are correlated with solar activity variation but with
differences in the long-term behavior. Whereas the production
term follows mostly the solar cycle behavior, the loss term
behaves in the opposite way.

This is closely related to the cooling of the thermosphere
and subsequent lowering of the peak density height and the
equivalent slab thickness when solar activity decreases, as can

Figure 9. Production and loss coefficients a and b* ¼ �b,
respectively, computed from peak electron density values over
Juliusruh at corresponding local sunrise and sunset conditions in the
time period 1996–2022 (upper panel). Units: a [104m�3s�1/sfu],
b [2.5�10�6 s�1]. Production and loss coefficients �a and �b�,
respectively, computed from TEC values over Juliusruh during
1996–2022 (lower panel). To better separate production and loss
coefficients, negative values of the loss coefficient �b� ¼ ��b are
plotted. Units: �a [1.5 � 10�4 mTECU s�1/sfu], �b [2.5 � 10�6 s�1]
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be seen in Figures 5 and 3. Due to the lowering and contraction
of the thermosphere/ionosphere system the impact of the molec-
ular constituents goes up, i.e. recombination characterized by
the loss coefficient b peaks during solar activity minima and
increases with decreasing long-term solar activity in principal
agreement with results obtained for the period 1996–2022
(Fig. 10).

To reduce the solar cycle impact, NmF2 data have been
averaged over a full solar cycle period of 11 years. This is pos-
sible due to the availability of three data sets covering 65 years
each.

Thus, Figure 12 shows the sliding average for production
and loss coefficients a and b and their ratio a/b of the previous
11 years compared with F10.7 prepared in the same way.
The overall increase of the loss coefficients and decreases in

Figure 10. Production coefficient a and loss coefficient b derived
from JR055 NmF2 data (upper panel) and TEC (lower panel) are
shown in comparison with F10.7 and the a/b ratio over more than
two solar cycles from 1996 to 2022. Regression lines and data are
normalized to a value of 100 in 1996.

Table 3. Pearson correlation coefficients R and slopes of NmF2 related linear regression lines of a, b, and a/b for the period 1958–2022
(Fig. 12) and the shorter period 1996–2022 for TEC and NmF2 (Fig. 10). Furthermore, the corresponding Root Mean Square Errors (RMSE)
and absolute as well as percentage values are given. Slope*, RMSE*: TEC units a [10�4 mTECU s�1 sfu�1], b [10�6 s�1], a/b [101 mTECU
sfu�1].

Ionosonde station Parameter
unit

Production coefficient
a [104 m�3s�1sfu�1]/%

Loss coefficient
b [10�6 s�1]/%

Ratio a/b
[108 m�3sfu�1]/%

Radio flux
F10.7 [sfu]/%

JR055 NmF2 1958–2022 R 0.85 �0.78 0.89 –

Slope �0.78/�1.4 3.3/5.8 �5.4/�5.0 �4.4/�3.1
RMSE 3.3/5.8 3.3/5.8 10.9/10.1 13.7/9.8

JR055 NmF2 1996–2022 R 0.90 �0.83 0.93 –

Slope �4.5/�7.5 14.0/22.5 �25.0/�21.8 �17.4/�12.4
RMSE 10.4/17.3 14.0/23.1 26.0/22.8 38.5/27.6

JR055 TEC 1996–2022 R 0.93 0.16 0.86 –

Slope* �8.7/�16.2 8.5/16.6 �3.7/�22.2 �17.4/�12.9
RMSE* 2.6/29.0 7.9/21.7 4.4/19.5 38.4/ 28.5

BC840 NmF2 1958–2022 R 0.36 �0.94 0.91 –

Slope �1.09/�1.7 3.7/4.5 �4.6/�4.9 �4.4/�3.1
RMSE 1.8/2.8 7.8/9.6 11.5/ 12.3 13.7/9.8

TO536 NmF2 1958–2022 R 0.87 �0.87 0.89 –

Slope �1.5/�2.2 2.0/1.9 �3.9/�4.9 �4.4/�3.1
RMSE 3.1/4.5 8.7/8.2 10.7/13.5 13.7/9.8

Figure 11. Production coefficient a, loss coefficient b and the
ratio a/b computed from winter-time NmF2 data of the ionosonde
station Juliusruh (JR055), in comparison with F10.7. Units:
a [6.67 � 103 m�3s�1sfu�1], b [2 � 10�6 s�1], a/b [109 m�3sfu�1].
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production and their ratio are indicated by linear regression
lines. For optimal visualization all computations except for the
upper right panel are made in the same way enabling a compar-
ison of their absolute values at different stations. The upper right
graphic shows for Juliusruh, as an example for the other two
stations, percentage deviations for all parameters referring to
the 100% level in the year 1970. The corresponding Pearson
correlation coefficients, slopes of linear regression lines, and
related RMSE values for all three stations are given in Table 3
including percentage deviations from reference values in 1970.
Because the derived parameter values refer to the previous
11 years, any interpretation of the data must consider that
related physical processes discussed in this chapter have been
started at least 5–6 years earlier.

The long-term study reveals absolute changes per decade of
about �0.8 up to �1.5 � 104 m�3s�1sfu�1 for the production
coefficient a, an increase of the loss coefficient b of about 2.0
up to 3.7 � 10�6 s�1 and �3.9 up to �5.4 � 104 m�3s�1sfu�1

for the a/b ratio. The corresponding percentage decreases per
decade referenced to 100% in 1970 is �1.4 up to �2.2%, 1.9
up to 4.5%, and �4.9 up to �5.0%, respectively. The percent-
age long-term decrease per decade of the a/b ratio is with about
5% very similar at all stations. The RMSE values are up to a
factor of about 4 higher than the slope values thus indicating
that the derived values are not always statistically significant.
However, it should be noted that all three ionosonde stations
show a very similar behavior thus enhancing the reliability of
the estimates.

Whereas the normalized analysis as shown in the upper right
panel of Figure 12 provides percentage decrease values of ana-
lyzed parameters for the three stations (see Table 3), the other
plots enable a comparison of absolute parameters as a function
of the geographic latitude.

A comparison of stations provides good insight into the
basics of underlying ionospheric physics.

The absolute decrease values of a are somewhat stronger
over Kokubunji than over Juliusruh due to a lower latitude
i.e. a lower incidence angle of solar radiation. Contrary to the
slight differences in percentage decreases of a at ionosonde
stations, the absolute values of the loss coefficient b go up con-
siderably towards lower latitudes as a comparison of the b plots
from different stations clearly shows in Figure 12, nearly by a
factor of two when comparing Kokubunji and Juliusruh. This
finding can be explained mainly by stronger solar incidence at
lower latitudes and associated higher temperatures in the
thermosphere, in particular also greater scale heights of molec-
ular constituents like N2 and O2. Also, the production coeffi-
cient a that is a proxy of atomic oxygen, changes enormously
after 1996 indicated by a decrease of 7.5% per decade at Julius-
ruh for the 1996–2022 period. The general increase of the loss
coefficient b and the decrease of the production term a lead to a
long-term percentage decrease for the a/b (~O/N2) ratio of
21.8%.

3.4 Linear models of NmF2 and foF2 as a function of
the solar radio flux index F10.7

Considering the rather strong decrease of foF2 and the cor-
responding peak electron density NmF2 in the period 1996–
2022 (cf. Fig. 3 and Table 2), we study their relationship with
F10.7 in more detail using the NmF2 values derived from
foF2 observations at the three selected ionosonde stations.
The 11-years averages of NmF2 in Figures 7 and 13 in the
upper right panels show at first view a high correlation with
F10.7 as expected.

Figure 12. Previous 11 years sliding averages of production and loss coefficients and their ratio for selected stations in comparison with F10.7
including linear regression lines (dashed) over the period 1970–2022 (left and lower panel). Percentage decrease of the same parameters for
Juliusruh (upper right panel) referring to 100% at 1970. Units: a [1.67 � 104 m�3 s�1 sfu�1], b [5.6 � 10�7 s�1], a/b [1.3 � 108 m�3 sfu�1].
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To study the long-term trend in more detail we follow a lin-
ear modeling approach of foF2 and NmF2 with solar activity
parameters utilized in many publications (e.g. Laštovička
et al., 2017; Perrone et al., 2017; Laštovička & Jelínek, 2019,
Sivakandan et al., 2023). To check the consistency of the
long-term behavior of foF2 and NmF2 we have developed lin-
ear models for all three stations both for foF2 and NmF2. As
Figures 13 and 14 show, a linear relationship of 11-years aver-
aged values for foF2 and NmF2 with F10.7 worked very well
until about 1990. The corresponding RMSE values as seen in
Table 4 are very low at all three stations. Nevertheless, due to
the nonlinear relationship between NmF2 and foF2 as given
by equation (2), the linear fit may not be a correct approxima-
tion for at least one of these variables. Probably due to this,
we see a difference between both linear approaches in Figures
12 and 13 that require a more detailed analysis. A remarkable
difference is indicated by different onset times of the deviation
from the linear approach. Thus, the models (blue curves) start to
deviate from F10.7 (red curve) between 1980 and 1990 for
NmF2 and shortly after 1990 for foF2. As the corresponding
deviation plots at the bottom of the panels (zero line shifted
to 40) show, the deviation exceeds the RMSE range of the mod-
els clearly. As in particular shown in Figure 14, the difference is
growing with the years.

As already previously discussed, the a/b ratio shows a stron-
ger decrease in the period after 1996 than before (Table 3).
More detailed studies including numerical modelling can check
the relationship between the a/b ratio and the deviation of the
linear model from F10.7 after 1990.

It is worth mentioning that the clear deviation from rather
good linear models valid up to about 1985–1990 appears at

all three ionosonde stations showing an enhancement towards
lower latitudes.

It is interesting to note that Danilov & Konstantinova (2013)
have already addressed a different behavior of the foF2 between
the period 1958–1979 and 1998–2010. They concluded that the
negative trends in the critical frequencies of the F2 layer after
1990 are substantially higher than the ones derived for earlier
periods. This finding was studied later in more detail by Danilov
(2017) considering the period 1958–1980 as “etalon” period. He
concluded that in the process of cooling and contraction of the
thermosphere the atomic oxygen concentration decreases.
Perrone et al. (2017) also assumed a decrease in atomic oxygen
but mentioned an increase in the O/N2 ratio after 1990. Our find-
ings agree with the conclusion of an enhanced decrease of atomic
oxygen but underline also an increase of the loss term b (~N2)
after 1980–1990 associated with an enhanced decrease of the
a/b ratio (~O/N2) for the latitude range 35–55 �N approximately
covered by the three ionosonde stations considered in this paper.
The divergence between F10.7 and modeled foF2 and NmF2
after 1990, being aware that the related physical processes lie
in the 1980–1990 decade, may have different reasons. First,
one should consider, that the relationship between F10.7 and
NmF2 or foF2 is not purely linear. Furthermore, the solar radia-
tion spectrum between the 10.7 cm ratio flux and ionizing EUV
components could have been changed (e.g. Tapping & Valdés,
2011). Solomon et al. (2010) reported a strong decrease in solar
EUV radiation between 1996 and 2008. Other options are
changes in geomagnetic activity (Mikhailov & Marin, 2001;
Cnossen & Franzke, 2014), of dynamic coupling processes from
below e.g. gravity waves (Oliver et al., 2013). Considering the
location of selected ionosonde stations, long-term changes in

Figure 13. Previous 11 years sliding averages of F10.7 and modelled NmF2 noontime (13–14 LT) data over Juliusruh, Boulder, and
Kokubunji at left and lower panels. The upper right panel shows absolute sliding previous 11 years’ averages of F10.7 and NmF2 at all three
ionosonde stations as already shown in Figure 7. Dashed lines indicate the RMSE range of linear NmF2 models.
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the geomagnetic field should be relatively small and any effects
of these on NmF2 or foF2 are expected to be negligible
(cf. Cnossen & Richmond, 2013).

An intensively discussed option refers to upward propagat-
ing trace gases such as CO2, CH4, or Ozone in the atmosphere
that could modify the chemistry and physics of the MIT system
(e.g. Qian et al., 2006, 2009; Solomon et al., 2015). The latter
has been a topic of numerous papers investigating long-term
trends in the MIT system. Most of the papers refer to the anal-
ysis of the F2 layer critical frequency foF2 (e.g. Bremer, 1992;
Mikhailov & Marin, 2001; Laštovička et al., 2006; Bremer
et al., 2012; Mielich & Bremer, 2013; Cnossen & Franzke,
2014; Danilov, 2017; Perrone et al., 2017; Laštovička, 2022;
Sivakandan et al., 2023).

Considering the broad spectrum of impact factors, more
detailed studies are needed to get a reliable explanation of the
divergence between F10.7 and NmF2 after 1990 and associated

scientific questions. We believe that the analysis of production
and loss coefficients including their ratio at more ionosonde
stations can contribute to improving our understanding long-
term effects in ionospheric behavior.

4 Summary and conclusions

Peak electron density data derived from long-term vertical
sounding measurements performed at the ionosonde stations
Juliusruh (JR055), Boulder (BC840), and Kokubunji (TO536)
during 1958–2022 have been utilized to estimate the long-term
behavior of daytime ionospheric F2 layer ionization in relation
to the solar F10.7 cm radio flux. In parallel, GNSS-based verti-
cal TEC data over the ionosonde stations have been used to
derive the equivalent slab thickness s for estimating the long-
term behavior starting in 1996, half a year after GPS became

Figure 14. Previous 11 years sliding averages of F10.7 and modelled foF2 noontime (13–14 LT) data over Juliusruh, Boulder, and Kokubunji
at left and lower panels. The upper right panel shows running previous 11 years’ averages of F10.7 and foF2 at all three ionosonde stations.
Dashed lines indicate the RMSE range of linear foF2 models.

Table 4. Pearson correlation coefficients R and linear models of NmF2 and foF2 from F10.7 including RMSE values using previous 11 years
averaged peak density and critical frequency data covering the period 1958–1990 (Figs. 13 and 14).

Ionosonde station Variable Unit Linear function f Correlation R RMSE
f = f(F10.7)

Juliusruh JR055 NmF2 1010 m�3 NmF2 = 0.78 � F10.7 � 20.31 0.98 1.035
foF2 MHz foF2 = 0.031 � F10.7 + 3.68 0.97 0.033

Boulder BC840 NmF2 1010 m�3 NmF2 = 0.82 � F10.7 � 13.25 0.98 1.081
foF2 MHz foF2 = 0.03 � F10.7 + 4.43 0.97 0.034

Kokubunji TO536 NmF2 1010 m�3 NmF2 = F10.7 � 20.0 0.98 1.239
foF2 MHz foF2 = 0.036 � F10.7 + 4.5 0.97 0.048
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operational. In the period 1996–2022, the noontime equivalent
slab thickness values over Juliusruh follow the negative ten-
dency of F10.7 and decrease by about 25 km per decade. The
F2 layer peak height hmF2 decreases by about 12 km/decade.
It has been indicated that s can estimate the neutral gas temper-
ature Tn around noon. Assuming a linear relationship between
the equivalent slab thickness around noon and the neutral gas
scale height the neutral gas temperature follows the solar cycle
activity like the equivalent slab thickness. The neutral gas tem-
perature Tn has been estimated to decrease by about 100 K per
decade over Juliusruh at a height of about 350–400 km in the
period 1996–2022 covering a temperature range between about
800 and 1300 K. Considering reported thermospheric cooling of
up to about 10 K per decade over 33 years (e.g. Ogawa et al.,
2014), the equivalent slab thickness would change by approxi-
mately 1–3 km. Considering the high variability of the equiva-
lent slab thickness, it is concluded that monitoring
anthropogenic-induced cooling of the thermosphere based on
equivalent slab thickness data is extremely difficult over only
two solar cycles. To get additional information regarding the
production and loss processes in the ionosphere, a new method
has been developed to estimate their long-term behavior from
ionosonde data. Thus, the production coefficient a and the loss
coefficient b, enabling computing the a/b ratio, have been esti-
mated for winter months near local sunrise and sunset, respec-
tively. These parameters are assumed to provide proxies for
the atomic oxygen concentration (a ~ [O]) and the concentration
of molecular constituents, mainly nitrogen (b ~ [N2]). Knowl-
edge of both parameters allows estimating the O/N2 ratio which
is crucial for understanding the behavior of the ionosphere. It
has been found that the O/N2 ratio follows mostly the variation
of the solar activity level characterized by the 10.7 cm radio
flux. The NmF2-related estimation of the production coefficient
a and the ratio a/b reveal a linear decrease of about 2–5% per
decade over the period 1958–2022. The loss coefficient b goes
up in the same order at the three ionosonde stations. Although
the RMSE values are rather high for this rough approach the
long-term change is confirmed at all three ionosonde stations.
More detailed studies including numerical modeling can get
deeper insight into the role of the long-term development of pro-
duction and loss coefficients and their ratio, in particular also to
better understand the long-term behavior of NmF2 and/or foF2.

In parallel with the F10.7 decrease of about 20 sfu per dec-
ade in the period 1996–2022, the noontime (12–14 LT) peak
electron density decreases by about 14 � 1010 m�3 over Julius-
ruh and the critical F2 layer frequency by about 0.7 MHz per
decade. The corresponding values for the other stations differ
somewhat due to shorter observation periods. It is concluded
that the estimation of reliable long-term trends in the MIT sys-
tem requires more than two solar cycles. All parameters, except
the equivalent slab thickness s, are highly correlated with F10.7
expressed by correlation coefficients ranging from 0.94 to 0.99.
The long-term analysis covering 65 years of foF2 observations
reveals a high correlation with F10.7 up to 1990 for 11 years
averaged values of foF2 and NmF2. However, there are strong
indications that the relationship between foF2 and NmF2 with
F10.7 is changing after the 1980–1990 decade indicated by
clear deviations of the linear models from the 11-year averaged
F10.7 variation. This changed behavior might have different
reasons such as changes in the solar spectrum, geomagnetic

activity, or coupling processes from below including thermo-
spheric composition changes due to the enhanced density of
greenhouse gases.

More detailed studies including numerical modeling are
needed to better understand the contribution of different MIT
processes to the decoupling of the linear model of the daytime
F2 layer electron density from the solar radio flux index F10.7.
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