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Abstract. Long-term trend estimation in the peak height of
the F2 layer, hmF2, needs the previous filtering of much
stronger natural variations such as those linked to the diur-
nal, seasonal, and solar activity cycles. If not filtered, they
need to be included in the model used to estimate the trend.
The same happens with the maximum ionospheric electron
density that occurs in this layer, NmF2, which is usually an-
alyzed through the F2 layer critical frequency, foF2. While
diurnal and seasonal variations can be easily managed, filter-
ing the effects of solar activity presents more challenges, as
does the influence of geomagnetic activity. However, recent
decades have shown that geomagnetic activity may not sig-
nificantly impact trend assessments. On the other hand, the
choice of solar activity proxies for filtering has been shown
to influence trend values in foF2, potentially altering even
the trend’s sign. This study examines the impact of differ-
ent solar activity proxies on hmF2 trend estimations using
data updated to 2022, including the ascending phase of solar
cycle 25, and explores the effect of including the Ap index
as a filtering factor. The results obtained based on two mid-
latitude stations are also comparatively analyzed to those ob-
tained for foF2. The main findings indicate that the squared
correlation coefficient, r2, between hmF2 and solar proxies,
regardless of the model used or the inclusion of the Ap in-
dex, is consistently lower than in the corresponding foF2
cases. This lower r2 value in hmF2 suggests a greater amount
of unexplained variance, indicating that there is significant

room for improvement in these models. However, in terms
of trend values, foF2 shows greater variability depending on
the proxy used, whereas the inclusion or exclusion of the Ap
index does not significantly affect these trends. This suggests
that foF2 trends are more sensitive to the choice of solar ac-
tivity proxy. In contrast, hmF2 trends, while generally nega-
tive, exhibit greater stability than foF2 trends.

Highlights.

1. Long-term trends in hmF2 change with the solar activity proxy
used for filtering but are mostly negative.

2. SN yields the weakest negative hmF2 trends, which are still
negative, while foF2 trends are mostly positive.

3. Yearly hmF2 values show a linear relationship with solar prox-
ies but improve with the inclusion of a squared term and the
Ap index.

1 Introduction

Long-term trends in the Earth’s ionosphere expected from
the increase in greenhouse gas concentration along the last
few decades has been a topic of growing interest since the
late 1980s (Roble and Dickinson, 1989; Rishbeth, 1990),
with many results already published (Laštovička et al., 2012,
2014; Laštovička, 2017, 2021a). It has mainly been stud-

Published by Copernicus Publications on behalf of the European Geosciences Union.



474 T. Duran et al.: Impact of different solar EUV proxies and Ap index

ied through the analyses of the critical frequency of the F2
layer, foF2, that is a measure of the ionospheric peak elec-
tron density, NmF2 (= 1.24× 1010 foF22, with foF2 in MHz
and NmF2 in m−3). Even though the trends in the ionosphere
linked to the greenhouse effect are expected to be more clear
in the ionospheric peak height, hmF2 (Rishbeth, 1990; Rish-
beth and Roble, 1992), publications analyzing foF2 trend de-
tection are by far more numerous. One reason may be that
hmF2, unlike foF2, is not directly derived from ionosonde
records. It can be estimated using the Shimazaki formula
(Shimazaki, 1955) based on the M(3000)F2 propagation fac-
tor, which is calculated by taking the ratio of the maxi-
mum usable frequency at 3000 km (MUF(3000)) to foF2 and
which dates back to the same years as foF2. However, espe-
cially during daytime hours, there are systematic differences
between hmF2 derived from M(3000)F2 and the true height
value. A good option is systematic hmF2 deduced by real-
height analysis of automatically scaled vertical-incidence
digisonde ionograms, but these time series are available for
only a few past decades.

Regarding the selection of a best solar extreme ultraviolet
(EUV) proxy to estimate trends in the F2 region, it is a prob-
lem which dates back almost to the very beginning, when
long-term trends in the upper atmosphere became a topical
issue, but has regained critical importance during the last few
years. We could speak of two epochs discussing this issue,
which are before and after the occurrence of the 2008 so-
lar minimum. Papers analyzing trends based on time series
not reaching this period basically deal with the selection be-
tween two proxies: F10.7 and SN. After the 2008 minimum
epoch, studies that analyzed time series that included cycle
23 with its minimum in ∼ 2008, detected that not only SN,
but also F10.7 was not efficient enough for filtering solar ac-
tivity. As a result, indices more directly related to UV and
EUV radiation came into play, such as the core-to-wing ra-
tio of the Mg II line and the solar Lyman-α irradiance (at
121.567 nm). It can be also said that 2021, with the works
by Laštovička (2021b, c), is the year when a variety of so-
lar EUV proxies are formally introduced as options to filter
ionospheric parameters as a previous step in trend estima-
tions.

Most papers used foF2 in order to determine the effect of
the different proxies over the trend values and also to decide
which of them was a best EUV indicator (de Haro Barbas
et al., 2021; Zossi et al., 2023; Danilov and Konstantinova,
2023; Laštovička and Burešová, 2023; Laštovička, 2024).
Laštovička (2021b) incorporated foE and Laštovička (2021c)
global total electron content (TEC) as well.

Jarvis et al. (1998) were among the first to do a solar
proxy selection for estimating hmF2 trends. They specifically
compared F10.7 and SN, choosing F10.7 due to its slightly
smaller variance in trend estimates during solar cycles 23 and
24, which marked a period of significant discrepancy com-
pared to earlier cycles, ending in 1995. Jarvis et al. (2002),

added E10.7 to the solar proxies’ options for hmF2 trend es-
timations, but its performance was almost identical to F10.7.

Laštovička et al. (2006), to conduct foF2 trend analysis,
compared SN to F10.7 and E10.7. They distinguished be-
tween adjusted and observed in the case of the last two prox-
ies, with the observed F10.7 and E10.7 appearing to be the
best correcting factors for filtering or modeling solar activity
effects prior to trend estimation. Observed F10.7 also per-
formed the best in the study of Ulich et al. (2007), analyzing
foF2 trends as well, which is reasonable since the solar ra-
diative energy reaching Earth is modulated by the variation
in the Earth–Sun distance.

The idea was to provide a comprehensive overview of the
evolution in the effort to select the best solar proxy for de-
tecting long-term trends in ionospheric parameters, but the
task turned out to be much larger than anticipated. This is
not only due to the many years that have passed since the
proxy selection issue was first identified as a conflict in the
field of long-term trends, but also because the problem has
become increasingly complex. On the one hand, there are
numerous proxies, and on the other hand, two variations in
solar activity have become more apparent over the years that
were not as evident with shorter data series. One is the promi-
nence of the Gleissberg cycle in the maximum solar activity,
which became clear with six complete cycles of data show-
ing a long-term periodic modulation (∼ 80–90 years, corre-
sponding to the Gleissberg periodicity) and the decline in the
last two minima (∼ 2008 and ∼ 2019) compared to previous
minima. These two “trends” in solar activity are not identi-
cal in every proxy. Therefore, we will end with the review
of this major issue in trend estimation here, suggesting it as
a future task to be carefully revisited, and proceed directly
to our analysis of this conflict with hmF2 data updated to
the year 2022. The issue of including Ap or not seemed to
have a weaker effect than the solar proxy selection but was
also mostly analyzed in foF2 trend studies. So, we will focus
in the two problems: the solar activity proxy selection and
whether accounting for geomagnetic activity makes a differ-
ence or not in trend values, making a comparison with the
foF2 case.

The next three sections outline the datasets used and the
methodology. The results are provided in Sect. 5, which
is followed by the discussion and concluding remarks in
Sect. 6.

2 Datasets

2.1 Ionospheric data

Hourly monthly medians of the ionospheric propagating fac-
tor at 3000 km of the F2 layer, identified as M(3000)F2, and
foF2 from two mid-latitude ionospheric stations were ana-
lyzed for the period 1960–2022: Rome (41.5° N, 12.3° E)
and Juliusruh (54.6° N, 13.4° E). Data bases were obtained
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from the World Data Centre (WDC) for Space Weather,
Australia, accessible at https://downloads.sws.bom.gov.au/
wdc/iondata/au/ (last access: 25 November 2024) and from
the Damboldt and Suessmann data base (Damboldt and
Suessmann, 2012), available from the same WDC (https:
//downloads.sws.bom.gov.au/wdc/iondata/medians/, last ac-
cess: 25 November 2024). In the case of Rome, to extend
the dataset until 2022, additional data were incorporated
from the Digital Ionogram Data Base (DIDBase) at the Low-
ell Global Ionospheric Radio Observatory (GIRO)Data Cen-
ter (LGDC), (Reinisch and Galkin, 2011). A 7-year overlap
(2001–2007) between the two datasets was examined to con-
firm series homogeneity, resulting in a reasonable agreement
of over 95 % between the series.

Autoscaled hmF2, together with M(3000)F2, for the pe-
riod 2001–2022 from the LGDC were also used for Rome
and Juliusruh to test the height formula chosen in this study.
Data from the DIDBase at the LGDC have a frequency of 5
to 30 min. In order to obtain the monthly medians, we first se-
lected data with an autoscaling confidence score (CS) greater
than 70 % and then estimated the hourly medians for each
month.

To calculate hmF2 from M(3000)F2, the Shimazaki for-
mula was used (Shimazaki, 1955):

hmF2=
1490

M(3000)F2
− 176. (1)

Annual mean foF2 and hmF2 values were assessed for 00:00
and 12:00 LT.

While the value of hmF2 depends on the formula used,
and it is closer to the “real” value for those more precise than
Eq. (1), such as those given by Bradley and Dudeney (1973),
Dudeney (1974), and Bilitza et al. (1979), the trend values
may not differ much. In this regard, some studies suggest this
is the case (Bremer, 1998), while others indicate that trend
values and even the sign may change depending on the for-
mula used (Ulich, 2000; Jarvis et al., 2002). We conducted a
test for the two stations here, analyzed as described in Sect. 3,
leading us to conclude that the Shimazaki formula is reason-
able and reliable for the analysis outlined in this research.

In the case of M(3000)F2 monthly median data for Rome,
from January 1960 to December 2022, there are no missing
values for the selected local times. For Juliusruh, there are a
total of eight missing values that correspond to the monthly
medians of May 1977, September–October–November 1978,
October 1983, August 2009, July 2020, and January 2022 for
both local times. We considered that the mean annual values
are all representative, considering that the worst case is 1978,
with only three months missing. In the case of foF2 for both
stations, at 00:00 and 12:00 LT, there are no missing data in
the monthly median records.

2.2 Solar EUV proxies and geomagnetic activity data

The five most commonly used solar EUV radiation proxies
were employed together with the geomagnetic activity Ap
index. The five selected proxies are

1. Magnesium II (Mg II) core-to-wing ratio (Snow et al.,
2014) represents the ratio of the h and k lines of the
solar Mg II emission at 280 nm to the background so-
lar continuum near 280 nm. The annual mean time se-
ries was calculated as the average of daily values from
the composite extended Mg II series obtained from the
University of Bremen at https://www.iup.uni-bremen.
de/UVSAT/data/ (last access: 25 November 2024).

2. Hydrogen Lyman-α flux (Fα) (Machol et al., 2019)
in W m−2 units is the full-disk integrated solar irra-
diance over 121–122 nm dominated by the solar HI
121.6 nm emission, where HI refers to neutral hydro-
gen in its ground state. The annual mean time series
was estimated as the average of daily values of the
composite series sourced from the Laboratory for At-
mospheric and Space Physics (LASP) Interactive So-
lar Irradiance Data Center, University of Colorado,
at https://lasp.colorado.edu/data/timed_see/composite_
lya/lyman_alpha_composite.nc (last access: 25 Novem-
ber 2024).

3. The annual mean values of the revised sunspot num-
ber (SN) were directly obtained from SILSO (Sunspot
Index and Long-term Solar Observations of the Royal
Observatory of Belgium, Brussels), which is acces-
sible at http://www.sidc.be/silso/datafiles (last access:
25 November 2024).

4. F10.7 is the flux density of radio emissions from
the Sun at 10.7 cm wavelength (2800 MHz) in
sfu= 10−22 Ws m−2 (where sfu stands for solar
flux units) measured at the Earth’s surface. The
annual time series was estimated as the average
of the monthly mean series available from Space
Weather Canada at https://spaceweather.gc.ca/
forecast-prevision/solar-solaire/solarflux/sx-en.php
(last access: 25 November 2024).

5. F30 is the flux density of radio emissions from
the Sun at 30 cm wavelength (1000 MHz) in
sfu= 10−22 Ws m−2, measured at the Earth’s
surface. The annual mean time series was esti-
mated as the average of daily values provided
by Nobeyama Radio Polarimeters (NoRP) at
https://solar.nro.nao.ac.jp/norp/index.html (last ac-
cess: 25 November 2024).

The geomagnetic activity index Ap annual mean series
was estimated as the average of daily values supplied by
the Kyoto World Data Center for Geomagnetism at https:
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//wdc.kugi.kyoto-u.ac.jp/index.html (last access: 25 Novem-
ber 2024).

3 Testing the hmF2 Shimazaki formula for use in this
analysis

The Shimazaki formula to obtain hmF2 based only on
M(3000)F2 is adequate at nighttime hours, when the ioniza-
tion below the F2 region is weak. As this ionization begins
to increase, this formula systematically overestimates hmF2.
This can be seen in Fig. 1, where the average of the monthly
median hmF2 values along 2001–2022 is plotted in terms of
month. At 00:00 LT, a good agreement is noticed between the
autoscaled and the Shimazaki heights, which declines in the
case of 12:00 LT.

However, the trend of the residuals, considering annual
means, for example, after filtering the solar activity effect is
in good agreement for night- and daytime as can be noticed
from Fig. 2.

For this purpose, the simplest filtering was applied, that
is, considering the residuals of hmF2 from a linear regres-
sion with Mg II as the EUV solar proxy. There is a general
good agreement in trend values, except in the case of Rome
at noon, when different signs are obtained between the au-
toscaled and Shimazaki hmF2 values. Despite this, we chose
to carry out this study with the Shimazaki formula, given by
Eq. (1), considering that the errors are systematic and will
not impact the results of the comparative analysis we aim to
present. We further reference the findings of Scotto (2013)
to support the use of the formula for trend analysis. Their re-
sults were obtained for a simulation of nighttime hours with a
superimposed trend of −14 km per century on the hmF2 pa-
rameter and indicate that regardless of the empirical formula
used, the accuracy of hmF2 from ionosonde measurements
would be adequate to detect this trend.

4 Methodology to compare the different solar EUV
proxies and Ap index roles on hmF2 trend analysis

In order to compare the different solar EUV proxies’ effects
on the trend estimation process, we repeat the filtering and
trend calculations using each of the five proxies (Mg II, Fα,
F10.7, SN, and F30), which is generically calledX here. The
filtering, in turn, was performed considering four models in
order to analyze the effect of Ap, which are

1. linear regression on X,

hmF2= A+BX; (2)

2. second-degree polynomial regression on X,

hmF2= A+BX+CX2
; (3)

3. linear regression on X and Ap,

hmF2= A+BX+DAp; (4)

4. second-degree polynomial regression on X and linear
on Ap,

hmF2= A+BX+CX2
+DAp. (5)

Thus, the regression variables in each model are X for 1;
X and X2 for 2; X and Ap for 3; and X, X2, and Ap for 4.

The trend is estimated considering a linear regression of
the residuals from these models, 1hmF2, and time:

1hmF2= [hmF2− hmF2(modeled)]= α+βt. (6)

In order to determine each solar proxy and Ap suitability
for the filtering process and its effect on trend values, we con-
sidered the squared correlation coefficient, r2, of each of the
four models for each of the five solar proxies together with
the values of the linear trend obtained in each case. A vi-
sual comparative analysis is first made by plotting the results
obtained for each variable (r2 and trend values). This is fol-
lowed by a quantitative comparison through the estimation
of percentage differences while considering F30 as the refer-
ence EUV solar proxy and model 1 as the reference model.

The adjusted r2 value was considered because, in multi-
ple regression, the r2 value increases as more predictors are
added due to the way it is calculated. In contrast, the adjusted
r2 value will decrease if the additional variables do not sig-
nificantly improve the explanation of the dependent variables
(foF2 and hmF2 in this case).

Concerning r2, the percentage difference to compare the
different solar proxies is estimated as

100×
[
r2(Xi)− r

2(F30)
]
, (7)

where Xi =Mg II, Fα, SN, or F10.7, using only model
1, while the percentage difference to compare the different
models is estimated as

100×
[
r2(model i)− r2(model 1)

]
(8)

for model i from model 2 to model 4 using only F30 as the
solar proxy.

The same applies to trend values, but relative percentage
differences were assessed in this case, estimated as

100× [β(Xi)−β(F30)]/β(F30) (9)

and

100× [β(model i)−β(model 1)]/β(model 1). (10)

This analysis is repeated for foF2 to compare the effects of
solar proxies and the inclusion of Ap. Since the study is based
on a similar analysis made by Laštovička (2021b, c), who
considered the period 1976–2014, each calculation was also
made for this period and for 1976–2022 that is Laštovička’s
period updated to 2022.
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Figure 1. hmF2 monthly median average along the period 2001–2022 in terms of month at Juliusruh (a, b) and Rome (c, d) at 00:00 LT (a,
c) and 12:00 LT (b, d), considering autoscaled heights (black) and the values obtained using the Shimazaki formula (red).

Figure 2. hmF2 trends (km yr−1) in terms of local time considering annual means of monthly median autoscaled heights (black) and the
values obtained using the Shimazaki formula (red) for Juliusruh (a) and Rome (b) after filtering solar activity using linear regression on
Mg II. The error bars correspond to 1 standard deviation.

5 Results

Figures 3 and 4 present r2 for each model at 00:00 and
12:00 LT, respectively, in terms of each solar proxy, consid-
ering hmF2 and foF2 measured at Juliusruh. Figures 5 and 6
show the equivalent results for hmF2 and foF2 measured at
Rome. It is easily noticed that the longest period analyzed,
1960–2022, shows the greatest variations in r2 between each

solar proxy, with an improved correlation in the case of SN
followed by F10.7 for all the models at midnight and noon,
which nevertheless does not mean that they should be consid-
ered the best proxies (Laštovička, 2024; Zossi et al., 2024).
For the shorter periods, particularly excluding solar cycles
20 and 21, the difference in r2 values is smoothed, and Mg II
emerges as the proxy with the highest correlation for most of
the cases.

https://doi.org/10.5194/angeo-42-473-2024 Ann. Geophys., 42, 473–489, 2024



478 T. Duran et al.: Impact of different solar EUV proxies and Ap index

Looking at the same figures, when comparing the differ-
ent models in the hmF2 case, the addition of variables to
model 1 improves the correlation, in particular when Ap is
added, which is something that in the foF2 case is almost not
noticed. We can argue that this is because there is more po-
tential for improvement in hmF2 compared to foF2 as the r2

value is, on average, lower for hmF2.
Figures 7 and 8 present trend values obtained after filter-

ing through each of the four models at 00:00 and 12:00 LT,
respectively, in terms of each solar proxy of hmF2 and foF2
measured at Juliusruh. Figures 9 and 10 show the equivalent
results for hmF2 and foF2 measured at Rome. Similarly to
the foF2 case, hmF2 trends are less negative when the solar
proxy used is SN followed by F10.7. They are more nega-
tive when F30, Mg II, and Fα are used instead. In the hmF2
case also, the trends get less negative and closer to zero when
Ap is included in the model, which is expected due to the in-
crease obtained in r2. foF2 trends are almost identical with or
without Ap included, which is in agreement with the results
of other authors showing that Ap do not make a significant
difference if included in the filtering process (Laštovička,
2021a). It is worth noting that in the hmF2 case, there are
almost no positive trends except two exceptions: Juliusruh at
00:00 LT using SN as a proxy in model 3 for periods 1976–
2014 and 1976–2022. However, in the foF2 case, positive
trends are obtained for several cases, all of which use SN or
F10.7 as the solar proxy.

In order to have a more quantitative analysis of the dif-
ferences in each solar proxy and of the Ap role in filtering,
we estimated r2 and trend differences with respect to proxies
and also to models as explained in Sect. 4. We do not show
the case of SN in order to simplify the figures since the dif-
ference is highly notable and easily observed in Figs. 3 to
10.

Figures 11 to 14 show the percentage difference in r2 to-
gether with the relative percentage difference in trends when
comparing F30 with each of the other proxies – Mg II, Fα,
and F10.7 – for both hmF2 and foF2, for each station, and in
local time.

In the case of the r2 percentage difference, a positive value
means a higher correlation, while a negative value represents
a lower one. In general, and leaving SN out of the discus-
sion on this point, F10.7 is the proxy that mostly improves r2

considering the two stations, both local times, and three peri-
ods. There are also cases of improvement when considering
Mg II. Again, we highlight that this result does not imply a
better performance of F10.7 and/or Mg II (Laštovička, 2024;
Zossi et al., 2024).

In the case of the trend relative percentage differences,
considering that the reference trend is always negative, a pos-
itive value implies a less negative trend or even a positive
one, while a negative value indicates a more negative one.
For the period 1960–2022, trend values are similar using ei-
ther F30 or Mg II in hmF2 and foF2 cases, while in the short-

est period 1976–2014, F30 clearly gives the most negative
trends in all the cases, with the strongest effect in foF2.

Figures 15 to 18 show the percentage difference in r2 to-
gether with the relative percentage difference in trends when
comparing model 1 with each of the other models, for both
hmF2 and foF2 at each station and local time. r2 differ-
ences are consistently greater for hmF2 compared to foF2
in all cases, meaning that adding the squared solar proxy
term and/or the Ap index always improves the model. Once
more, this is statistically reasonable since hmF2 has a larger
margin for improvement. When a model, such as that for
foF2, already exhibits a high degree of correlation, incorpo-
rating additional variables is less likely to result in signif-
icant improvements. For example, at Juliusruh at 12:00 LT,
neither the Ap index nor the squared proxy term signifi-
cantly enhances the foF2 model. This outcome is expected
because maximum solar activity levels typically do not sur-
pass the saturation level, limiting improvements in correla-
tion for both ionospheric parameters.

In the case of the trend values, again, the square term alone
does not produce big differences, while the Ap weakens in
the negative trends in all the cases except for one: foF2 at
Juliusruh at 00:00 LT.

6 Discussion and conclusions

In order to analyze the effect of different solar EUV prox-
ies on hmF2 trend estimation, following the works by Laš-
tovička (2021b, c), we implemented a similar analysis with
some additions to noon and midnight values. Noting that the
correlation between hmF2 and solar EUV proxies was sys-
tematically lower than in foF2, the inclusion of Ap in the
filtering process was incorporated to the analyses.

For both stations, both local times, and three periods an-
alyzed, r2 values between hmF2 and the solar proxies con-
sidering different models which include or not Ap are con-
sistently lower compared to the corresponding foF2 cases.
Thus, the variation in r2 values between different proxies and
between different models is stronger for hmF2 since there
is more variance left out to be improved. In contrast, for
foF2, the solar proxy linear term typically accounts for al-
most all the variation, leaving less than 5 % of the variance
unexplained.

However, with respect to trend values, the difference is
more noticeable in the foF2 case when comparing different
proxies but not when evaluating the addition or non-addition
of Ap. This suggests that foF2 trends seem more sensitive
to the proxy used to filter solar activity effect. hmF2 trends
are also in general all negative and seem more stable than
in the foF2 case, probably related to the fact that the green-
house effect is expected to be more clear in hmF2 than in
foF2 (Rishbeth, 1990; Rishbeth and Roble, 1992).

An aspect which deserves further discussion is the com-
parison of our results between the three periods considered.
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Figure 3. Squared correlation coefficient, r2, of hmF2 (upper panels) and foF2 (lower panels) at 00:00 LT measured at Juliusruh within each
model (indicated at the top of each panel) in terms of each solar proxy (Mg II, Fα, F10.7, SN, and F30). Time series periods are 1960–2022
(black), 1976–2014 (red), and 1976–2022 (blue).

Figure 4. Squared correlation coefficient, r2, of hmF2 (upper panels) and foF2 (lower panels) at 12:00 LT measured at Juliusruh within each
model (indicated at the top of each panel) in terms of each solar proxy (Mg II, Fα, F10.7, SN, and F30). Time series periods are 1960–2022
(black), 1976–2014 (red), and 1976–2022 (blue).
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Figure 5. Squared correlation coefficient, r2, of hmF2 (upper panels) and foF2 (lower panels) at 00:00 LT measured at Rome within each
model (indicated at the top of each panel) in terms of each solar proxy (Mg II, Fα, F10.7, SN, and F30). Time series periods are 1960–2022
(black), 1976–2014 (red), and 1976–2022 (blue).

Figure 6. Squared correlation coefficient, r2, of hmF2 (upper panels) and foF2 (lower panels) at 12:00 LT measured at Rome within each
model (indicated at the top of each panel) in terms of each solar proxy (Mg II, Fα, F10.7, SN, and F30). Time series periods are 1960–2022
(black), 1976–2014 (red), and 1976–2022 (blue).
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Figure 7. Linear trend of hmF2 (upper panels; in km yr−1) and foF2 (lower panels; in MHz yr−1) at 00:00 LT measured at Juliusruh,
considering residuals filtered with each model (indicated at the top of each panel) in terms of each solar proxy (Mg II, Fα, F10.7, SN, and
F30). Time series periods are 1960–2022 (black), 1976–2014 (red), and 1976–2022 (blue).

Figure 8. Linear trend of hmF2 (upper panels; in km yr−1) and foF2 (lower panels; in MHz yr−1) at 12:00 LT measured at Juliusruh,
considering residuals filtered with each model (indicated at the top of each panel) in terms of each solar proxy (Mg II, Fα, F10.7, SN, and
F30). Time series periods are 1960–2022 (black), 1976–2014 (red), and 1976–2022 (blue).
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Figure 9. Linear trend of hmF2 (upper panels; in km yr−1) and foF2 (lower panels; in MHz yr−1) at 00:00 LT measured at Rome, considering
residuals filtered with each model (indicated at the top of each panel) in terms of each solar proxy (Mg II, Fα, F10.7, SN, and F30). Time
series periods are 1960–2022 (black), 1976–2014 (red), and 1976–2022 (blue).

Figure 10. Linear trend of hmF2 (upper panels; in km yr−1) and foF2 (lower panels; in MHz yr−1) at 12:00 LT measured at Rome, consid-
ering residuals filtered with each model (indicated at the top of each panel) in terms of each solar proxy (Mg II, Fα, F10.7, SN, and F30).
Time series periods are 1960–2022 (black), 1976–2014 (red), and 1976–2022 (blue).
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Figure 11. r2 percentage difference (a, b, c) and trend relative percentage difference (d, e, f) using model 1 between Mg II, Fα, or F10.7
and F30 for hmF2 (black bars) and foF2 (red bars) measured at Juliusruh at 00:00 LT, considering the periods 1960–2022, 1976–2022, and
1976–2014, indicated at the top of each panel.

Figure 12. r2 percentage difference (a, b, c) and trend relative percentage difference (d, e, f) using model 1 between Mg II, Fα, or F10.7
and F30 for hmF2 (black bars) and foF2 (red bars) measured at Juliusruh at 12:00 LT, considering the periods 1960–2022, 1976–2022, and
1976–2014, indicated at the top of each panel.
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Figure 13. r2 percentage difference (a, b, c) and trend relative percentage difference (d, e, f) using model 1 between Mg II, Fα, or F10.7
and F30 for hmF2 (black bars) and foF2 (red bars) measured at Rome at 00:00 LT, considering the periods 1960–2022, 1976–2022, and
1976–2014, indicated at the top of each panel.

Figure 14. r2 percentage difference (a, b, c) and trends relative percentage difference (d, e, f) using model 1 between Mg II, Fα, or F10.7
and F30 for hmF2 (black bars) and foF2 (red bars) measured at Rome at 12:00 LT, considering the periods 1960–2022, 1976–2022, and
1976–2014, indicated at the top of each panel.
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Figure 15. r2 percentage difference (a, b, c) and trend relative percentage difference (d, e, f) using F30 as a solar proxy between models
2, 3, or 4 and model 1 for hmF2 (black bars) and foF2 (red bars) measured at Juliusruh at 00:00 LT, considering the periods 1960–2022,
1976–2022, and 1976–2014, indicated at the top of each panel.

Figure 16. r2 percentage difference (a, b, c) and trend relative percentage difference (d, e, f) using F30 as a solar proxy between models
2, 3, or 4 and model 1 for hmF2 (black bars) and foF2 (red bars) measured at Juliusruh at 12:00 LT, considering the periods 1960–2022,
1976–2022, and 1976–2014, indicated at the top of each panel.
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Figure 17. r2 percentage difference (a, b, c) and trend relative percentage difference (d, e, f) using F30 as a solar proxy between models 2, 3,
or 4 and model 1 for hmF2 (black bars) and foF2 (red bars) measured at Rome at 00:00 LT, considering the periods 1960–2022, 1976–2022,
and 1976–2014, indicated at the top of each panel.

Figure 18. r2 percentage difference (a, b, c) and trend relative percentage difference (d, e, f) using F30 as a solar proxy between models 2, 3,
or 4 and model 1 for hmF2 (black bars) and foF2 (red bars) measured at Rome at 12:00 LT, considering the periods 1960–2022, 1976–2022,
and 1976–2014, indicated at the top of each panel.
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Figure 19. Mg II (red diamond), Fα (blue square), F10.7 (orange
triangle), SN (yellow cross), and F30 (gray dot) normalized annual
means (during 1960–2022). Dashed lines join the maximum and
minimum values of each solar cycle.

Differences in r2 and in trends are more noticeable during the
longest period, 1960–2022. This can be explained by looking
at the long-term variation in each solar proxy that is linked
to the Gleissberg cycle of ∼ 80–100-year quasi-periodicity.
Figure 19 highlights this more clearly by displaying the nor-
malized annual mean values of the five proxies here consid-
ered together with the envelope that joins the maximum and
minimum values of each solar cycle in the period 1960–2022.
The Gleissberg cycle is shown by the maximum values, hav-
ing the most recent peak in cycle 22 (∼ 1990). The increasing
phase of this long-term cycle is clearly observed before cy-
cle 22 followed by the beginning of the decreasing phase.
While the well-known∼ 11-year cycle is quite similar for all
solar proxies, the Gleissberg cycle is not, with SN being the
index with the greatest differences. It is also clear from this
figure that, while the period within the 1960–2022 interval is
longer, more differences are included since more maximum
periods enter into the analyzed time series, and that could ex-
plain the stronger differences we found for the period 1960–
2022 in comparison to the shorter ones in most of the cases.

A similar effect is produced by differences in the minimum
epochs but in the opposite sense. This is supposedly not part
of the Gleissberg cycle, but it is clear that since the 1996 min-
imum epoch, the following minima present weaker indices’
values in all the cases but with different decreasing levels.
Therefore, if the series starts closer to 1996, the trend will be
more pronounced than if the time series begins earlier. Con-
sequently, more significant differences should be observed in
shorter periods, especially if they include one or both of the
recent minima around ∼ 2008 and ∼ 2019.

The trends observed over the longest period (1960–2022)
show the smallest magnitudes. Notably, 1980 coincides with
the peak of solar cycle 21. Using the Rz proxy, we ob-
serve that solar activity levels began declining after 1979–
1980, which corresponds to the Gleissberg cycle. However,

for proxies like F30 and F10.7, this decline in solar max-
ima became evident only after solar cycle 22, around 1990.
This pattern supports the hypothesis that anthropogenic ef-
fects, such as increased greenhouse gases, may have become
more prominent after 1980, coinciding with the reduction in
solar maximum levels. Therefore, the observed trends likely
result from a combination of both the rising anthropogenic
influence and the decreasing solar activity, with varying im-
pacts depending on the solar proxy considered.

Here, we bring back the conclusion from Bremer (1992),
where they mention that an important demand is the cor-
rect filtering of the solar and geomagnetic influence on the
data because it causes variations that are much larger than
the trends of interest. We here emphasize this aspect of trend
assessments, showing once again that the problem is not yet
fully resolved and deserves to be further and more deeply
investigated and expanded.

Data availability. Ionospheric M(3000)F2 and foF2 data for Rome
and Juliusruh were obtained from the World Data Centre (WDC)
for Space Weather, Australia, accessible at https://downloads.sws.
bom.gov.au/wdc/iondata/au/ (Australian Space Weather Forecast-
ing Centre, 2024a) and from the Damboldt and Suessmann data
base available from the same WDC (https://downloads.sws.bom.
gov.au/wdc/iondata/medians/, Australian Space Weather Forecast-
ing Centre, 2024b). In the case of Rome, to extend the dataset un-
til 2022, additional data were incorporated from the Digital Iono-
gram Data Base (DIDBase) at Lowell GIRO Data Center (LGDC).
Juliusruh data are also available from the Leibniz Institute of Atmo-
spheric Physics at https://www.ionosonde.iap-kborn.de/mon_fof2.
htm (IAP, 2024). hmF2 autoscaled values for both stations were ob-
tained from LGDC. Mg II data are obtained from the University of
Bremen at https://www.iup.uni-bremen.de/UVSAT/data/ (Viereck
et al., 2004). Hydrogen Lyman-α flux is accessible from the LASP
Interactive Solar Irradiance Data Center, University of Colorado,
at https://lasp.colorado.edu/data/timed_see/composite_lya/lyman_
alpha_composite.nc (Machol et al., 2019). SN annual mean values
were directly obtained from SILSO (Sunspot Index and Long-term
Solar Observations of the Royal Observatory of Belgium, Brussels)
via http://www.sidc.be/silso/datafiles (WDC-SILSO, Royal Obser-
vatory of Belgium, 2024). F10.7 series are provided by Space
Weather Canada at https://spaceweather.gc.ca/forecast-prevision/
solar-solaire/solarflux/sx-en.php (Space Weather Canada, 2024).
F30 is available from Nobeyama Radio Polarimeters (NoRP) at
https://solar.nro.nao.ac.jp/norp/index.html (Nobeyama Radio Po-
larimeters, 2024). The Ap index was obtained from the Kyoto World
Data Center for Geomagnetism at https://wdc.kugi.kyoto-u.ac.jp/
index.html (Kyoto World Data Center for Geomagnetism, 2024).
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