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Based on a previous study to select the best solar
activity proxy for foF2 modelling, we expand the
analysis to include 24 h time span, increase the spatial
coverage by considering additional ionospheric
stations, and update the analysis to 2021. Annual
means of foF2 are analysed for 12 selected stations
from Europe, Asia and Oceania, with high-quality
data covering the period 1978-2021 in most of the
cases, including two of the three European stations
of the previous study. The same four solar proxies
were used: F10.7, F30, MgII and Hell, which, based
on the high linear correlation between each of them
and foF2, serve to model this ionospheric parameter
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through a linear regression. The results of our comparative analysis, extended to more stations,
all the hours and updated time series, agree with previous works, with MgII and F30 being
the best solar proxies for foF2 modelling, while Hell is found to be the least effective for this
purpose. The importance of the solar proxy selection to model foF2 for filtering purposes to
later estimate long-term trends is highlighted considering that different solar proxies applied
might result in somewhat different foF2 long-term trend values.

1. Introduction

The study of trends in the Earth’s atmosphere is of great importance for its contribution to
climate change research and its consequences [1]. The upper atmosphere, and in particular the
ionosphere, also experiences long-term variations that, in order to be detected, require a filtering
process. This, in turn, involves solar activity proxies of solar extreme ultraviolet (EUV) radiation
variability. With the objective of finding the best solar proxies for long-term assessments of two
ionospheric parameters (the critical frequencies of the F2 and E ionospheric layers, foF2 and
foE, respectively), Lastovicka [2] analysed the performance of four solar EUV proxies: F10.7,
F30, Mgll and Hell. In addition to these four proxies, Lastovicka [3,4] considered Lyman «
and the sunspot number. They are used to model these ionospheric parameters from European
stations with long and homogeneous data series. He considered three stations in the case of foF2:
Juliusruh (54.6° N, 13.4° W), Pruhonice (49.9°N, 14.6° E) and Rome (41.8°N, 12.5°E), and two in
the case of foE: Juliusruh and Slough/Chilton (51.5°N, 1.3°W). The analysed period for foF2,
1976-2014, was divided into two sub-periods, 1976-1995 and 1996-2014, to take into account that
the dependence of foF2 on solar proxies differs between these sub-periods for the selected stations
[4]. The period 1976-1999 was considered for foE since data for later years (2000-2014) had quality
problems [4,5].

The present study aims to extend the analysis made by Lastovicka [2] for foF2, expanding the
time coverage from noontime values to encompassing data from all hours of the day, increasing
the spatial coverage and updating the data period to 2021.

2. Data

Monthly median foF2 data used in this work was acquired from free access repositories. The
location of 12 selected stations and their analysed period are listed in table 1. Years with more
than 50% missing data were removed. In all the cases, the initial year is 1978, the starting year of
the solar EUV proxy with the latest start, which is the MglI index. Its record starts in November
1978 [6].

The Japanese stations’” foF2 data were obtained from https://wdc.nict.go.jp/IONO/index_
E.html; Australian and European stations from https://downloads.sws.bom.gov.au/wdc/
iondata/au/ and the Damboldt and Suessman database [7] from https://downloads.sws.
bom.gov.au/wdc/iondata/medians/ and https://downloads.sws.bom.gov.au/wdc/iondata/
medians/foF2/. Sodankyla was updated with data from https://www.sgo.fi/pub_ion/
allmedians/, and Juliusruh from https://www.ionosonde.iap-kborn.de/mon_fof2.htm. In the
case of Rome, the period was updated with data from Lowell GIRO Data Center (LGDC) [8].

The EUV solar proxies used are those considered by Lastovicka [2]: 10.7 cm solar flux (F10.7),
30 cm solar flux (F30), Mg II core-to-wing ratio (Mgll), and He II 30.38 nm line (Hell). F10.7 is
available from Space Weather Canada at https://spaceweather.gc.ca/forecast-prevision/solar-
solaire/solarflux/sx-en.php; F30 and Hell are available at Laboratory for Atmospheric and Space
Physics (LASP) Interactive Solar Irradiance Data Center at https:/ /lasp.colorado.edu/lisird; Mgll
index is available from the University of Bremen at http://www.iup.uni-bremen.de/UVSAT/
datasets/mgii.
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Table 1. List of ionospheric stations used in this study, geographical location and range of years considered. Periods between
brackets indicate missing or removed years.

station latitude longitude years analysed
Wakkanai 452 141.8 1978-2021

Monthly median foF2 time series were averaged over 3 h intervals centered at 0, 3, 6,9, 12, 15,
18 and 21 LT. Annual means for each of these eight series for each station were estimated, and for
each EUV solar proxy as well.

3. Methodology

The evaluation of the best solar proxy for foF2 modelling is carried out by comparing the
modelled values using each proxy with foF2 observations (measured data). When comparing data
to a model prediction, in general, more than one statistical index should be used. For example,
the correlation coefficient, 7, which measures the similarity in their time variation, or equivalently
the squared correlation coefficient, 72, which measures the explained variance, together with any
error measure (absolute error, mean bias, relative error and/or root mean square error), which
quantifies the similarity in their values [9,10]. In our case, the modeled value is obtained from a
least square method applied to the data itself, given by

foF2 = A + B x solar EUV proxy, (3.1)

where foF2 is deseasonalized. This can be done considering, for example, 12-month running
means or annual time series of foF2 and solar EUV proxies. This is also the approach used to
filter solar activity effects from foF2 previous to its long-term trend estimation. In this kind of
modelling (resulting from a least square fit) r or 7%, and the error measures based on squared
formulaes give the same information. While the mean error obtained simply as the average of
the difference between the experimental data and the model prediction is zero, that is it does not
give any additional information. Our analysis will be based then, as in Lastovicka [2], in 7> which
gives the foF2 percentage variance, explained by each of the four EUV solar proxies according to
equation (3.1).

Lastovicka [2] divided the analysed period into two sub-periods: before and after 1996. This
was done to take into account that the dependence of foF2 on solar proxies differs between these
sub-periods, as was observed for the three selected stations in Lastovicka’s work [4]: Juliusruh,
Pruhonice, and Rome. He noticed that in the linear regression model often used to remove the
solar cycle effect from this ionospheric parameter, given by equation (3.1), the coefficient B is
not stable along the whole data period. He proved this by analysing the time evolution of this
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coefficient calculated with a sliding 11-year window along the whole analysed period that was
1976-2014 [4]. A step increase in B values was observed around 1996 so that along period 1976—
1995, B values were, in general, lower than along 1996-2014 indicating that the dependence of
foF2 on solar activity proxies is stronger in the latter period.

In this work, we perform first the analysis of B stability using the 11-year running window in
order to determine the need, or not, of splitting the analysed period, followed by the r2 analysis
of each solar EUV proxy to determine its performance in foF2 modelling. The effect of the choice
of this proxy on the value of the trend is then shown as a consequence of choosing one or another
proxy to model foF2.

4, Results

To begin, we performed B-stability analysis on 10 of the 12 stations here analysed. Yamagawa and
Brisbane were withdrawn in the case of this particular analysis due to the missing data (table 1).
Figure 1 shows the evolution of B-coefficient using an 11-year moving window and F10.7 as
EUV solar proxy. The approximately 1996 step observed in Juliusruh, Rome, and Pruhonice by
Lastovicka [4] is not evinced by the other stations in this work. The Japanese and Australian
stations, together with Sodankyla, present a step increase near the deep solar minimum of 2008.

Lastovicka [4] pointed out two possible reasons for the step increase in B observed around
1996: changes in the relation between the proxies and solar radiation, and changes between the
ionospheric parameters and the solar radiation. In this work, several more stations were studied
and the period of analysis increased in almost a decade. Even though the approximately 1996 step
increase in B value is still observed, it is less noticeable. However, as in Lastovicka [4], a common
behaviour is noticed that is a general increasing rate along the period in most of the stations. The
new feature observed in this case is a step increase in some stations around 2008.

The same positive trend detected here in B coefficient for stations located in different
hemispheres and magnetic latitudes (figure 1) could point toward a physical process with a
stationary trend along the analysed period. For example, the Gleissberg cycle [11], one of the
longest known solar periodicities, is in its declining phase since approximately 1985. This long-
term periodicity is also present in geomagnetic activity and, even though it is weak, it may
play a role. Another possible mechanism is the magnetic field dipolar decrease over the last
century. However, as mentioned in Lastovicka [4], the ionospheric processes are very complex.
They involve not only ionizing radiation from the sun and non-uniform spatial and temporal
effects of geomagnetic activity but also transport processes that play a significant role in the F2
layer. Therefore, a comprehensive and detailed analysis is essential before reaching a definitive
conclusion. Considering that there is not a well-defined step variation in a common year for all the
stations analysed, a linear regression to the complete period was considered instead of separate
sub-periods as in Lastovicka [2].

Turning now to the evaluation of the best solar proxy for foF2 modelling, we estimated 7>
for each station and at each 3-hour interval considering the four different solar proxies. Figure 2
shows 72 diurnal variation for each case evincing that MglI (green dots) and F30 (orange dots)
are generally the EUV solar proxies that best correlate with foF2 along all hour bins and stations.
Hell (red dots) has the lowest 12 values, in agreement with the results of Lastovicka [2].

Another way of looking at the differences in each EUV solar proxy performance is through a
histogram. Figure 3 shows r> distribution considering annual values, for all eight 3-hour bin time
series. The solar proxies with the greatest frequency at the highest 12 value are MgIl and F30, with
Hell presenting the lowest frequency at higher values.

A noticeable consequence of choosing a given solar EUV proxy to model foF2 should be
detected in studies focusing on the remaining foF2 variance after removing that linked to solar
activity variation. This remaining variance amounts at most to approximately 10%, and it is
the case of the long-term trend in ionospheric parameters expected from greenhouse gases
concentration increase as a main driver, or from the secular variation of the Earth’s magnetic
field [12]. Figure 4 shows, as an example, foF2 residuals after filtering the variability linked to
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Figure 1. Coefficient B from the linear regression between foF2 and F10.7 using an 11-year moving window, for Japanese (upper
panel), Australian (middle panel) and European (lower panel) stations, for foF2 11-12-13 LT average.

solar activity through equation (3.1), for two of the 3-hour bins: one centered at 0 LT (nighttime)
and other centered at 12 LT (noontime) for a Japanese, an Australian and a European station.
Figure 5 presents trend values for these selected stations for each 3-hour bin showing clearly that
different trend values, and even with different signs, are obtained depending on the solar EUV
proxy selected in the step previous to trend calculation. foF2 trends obtained after filtering solar
activity using Mgll, F30 and F10.7 present slightly different values but with a similar diurnal
variation. In the case of Hell, which is the one with the lowest 2 in general, as can be noticed
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Figure 2. Squared correlation coefficient, r%, between foF2 annual mean and EUV solar proxies: F10.7 (blue), F30 (orange),

Mgll (green) and Hell (red). The local time value in the abscissa indicates the centre of the averaged 3-hour interval.
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Figure 3. Histogram of 2 between foF2 and EUV solar proxies: F10.7 (blue), F30 (orange), Mgll (green) and Hell (red) considering
annual values and all the 3 h ranges.

in figure 2, yield the greatest differences, not only in trend values, but also in their diurnal
variation.

5. Conclusion

Lastovicka [2] studied foF2 from three European stations: Juliusruh (54.6° N, 13.4° W), Pruhonice
(49.9°N, 14.5°E), and Rome (41.8°N, 12.5°E) considering noontime values. In the present
work, we extended the area of study in order to generalize his results using stations in the
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Figure 4. foF2 residuals (MHz) from the linear regression in equation (3.1), considering as solar EUV proxies: F10.7 (blue), F30
(orange), Mgll (green) and Hell (red), for a Japanese (Okinawa), an Australian (Canberra) and a European (Juliusruh) station,
together with the corresponding linear trends (dashed lines), for night-time (23-0-1LT mean) and noontime (11-12-13 LT mean).
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Figure 5. Diurnal variation of foF2 trends (MHz/year) using the linear regression in equation (3.1) to filter solar activity variation,
considering as solar EUV proxies: F10.7 (blue), F30 (orange), Mgll (green) and Hell (red), for a Japanese (Okinawa), an Australian
(Canberra) and a European (Juliusruh) station.

northern and southern hemispheres and all local times. In addition, the time series were updated
to 2021.

The analysis of B regression coefficient was extended for 10 ionospheric stations and, as can
be noticed in figure 1, all of them exhibit an increasing trend. This means, on average, that the
ionospheric electron density, calculated using foF2, increases more rapidly with the solar activity
in present times. The causes of these changes, as well as the distinctive steps observed at different
years using the applied method, require more investigation.

The squared correlation coefficient analysis, presented in figure 2, for each station at different
local times, shows the lead of MgII and F30 proxy to reproduce foF2. There are some cases when
Mgll outperforms F30, and others where F30 performs the best. Hell is clearly the least adequate
proxy in all the cases.
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More recently, Danilov & Konstantinova [13] and Danilov & Berbeneva [14] analysed also the
adequacy of EUV solar proxies for foF2 trend estimation considering Juliusruh data along the
period 1996-2022 for different local times, as in this work, but adding a seasonal analysis. Even
though they focus their study in the trend analysis, they recommend not only MgII and F30 as
the best proxies in foF2 for trend estimation, but also Lyman « flux, which is not included in
the present analysis. Lastovicka & Buresova [15] analysed noon annual mean foF2 from several
stations covering mid and low latitudes along the period 1976-2014, and also include Lyman
a flux as an additional proxy. They again find MgII and F30 as the best solar proxies for foF2
variability, but for mid-latitude stations. In the case of equatorial stations, where they include
Okinawa and Townsville, they point out Hell as the best proxy. However, they mention these two
stations, located rather in the transitional zone between dominance of Mgl and F30 versus Hell,
with rather marginal differences between their roles. So, our results would be in agreement with
this more recent analysis made by Lastovicka & Buresova [15]. These three latest studies set a
clear path for us to continue, conducting a seasonal analysis, adding ionospheric stations to cover
a wider latitudinal range, and further exploring the effect on the foF2 trend values.

Going back to our results, one could argue that what remains unexplained after modelling foF2
with any of the proxies used in this study is on the order of 10% or even less. But precisely, this is
the order of the variance linked to long-term trends in the ionosphere associated mainly with the
greenhouse gases increasing concentration effect during the last decades. Thus, trends should be
sensitive to the solar EUV proxy used in the filtering process previous to trend assessment. This
is shown in figures 4 and 5 which present as an example the trends for three out of the 12 stations
here analysed. With MglI and F30 being the solar EUV proxies with the highest 7 values, they
are the ones recommended for foF2 long-term trend estimations, followed by F10.7.

Data accessibility. All ionospheric and indexes data are freely available in the following repositories: the
Japanese stations’ data from https:/ /wdc.nict.go.jp/IONO/index_E.html; Australian and European stations
from https://downloads.sws.bom.gov.au/wdc/iondata/au/ and the Damboldt and Suessman database
at https://downloads.sws.bom.gov.au/wdc/iondata/medians/ and https://downloads.sws.bom.gov.au/
wdc/iondata/medians/foF2/. Sodankyla was updated from https://www.sgo.fi/pub_ion/allmedians/,
Juliusruh from https://www.ionosonde.iap-kborn.de/mon_fof2.htm, and Rome from http://spase.info/
SMWG/Observatory/GIRO. F10.7 is available from Space Weather Canada at https://spaceweather.gc.ca/
forecast-prevision/solar-solaire /solarflux/sx-en.php; F30 and Hell are available at LASP Interactive Solar
Irradiance Data Center https://lasp.colorado.edu/lisird; MgIl index is available from the University of
Bremen at http:/ /www.iup.uni-bremen.de/UVSAT/datasets / mgii.
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