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Abstract. This study reconsiders sunspot number (Sn) as a
solar extreme ultraviolet (EUV) proxy for modeling the iono-
spheric F2 layer’s critical frequency (foF2) over the period
1960-2023. We compare the performance of Sn with F10.7
and F30 solar radio fluxes, focusing on their ability to model
the Ionospheric Global index (IG). Our results reveal that
while F30 has shown a better correlation in recent solar cy-
cles, Sn is the most stable and reliable over the entire dataset,
obtaining the highest correlation. In addition, if we remove
the saturation effects from considering a maximum value of
Sn, the correlation increases, outperforming all other prox-
ies and correctly predicting the long-term trend estimated by
general circulation models.

Key Points.

— Sunspot number (Sn) outperforms F30 and F10.7 solar proxies
in long-term ionospheric datasets, especially before 1980 and
during recent solar cycles.

— Removing the saturation effect from the Sn dataset further en-
hances its correlation with the Ionospheric Global index (IG),
improving long-term trend predictions.

— The study emphasizes the variable performance of solar prox-
ies over time, with Sn showing the greatest stability for model-
ing ionospheric conditions across 6 decades.

1 Introduction

The understanding of atmospheric trends became a critical
area of study in the last century. Besides the troposphere, the
upper atmosphere is also affected by human activities. Many
modern technologies, such as long-distance telecommunica-
tions, global positioning systems (GPS), and satellite com-
munications, rely on space and near-Earth physics (Zolesi
and Cander, 2014). One important part of the upper atmo-
sphere is the ionosphere, defined as the zone where the pres-
ence of free charges is high enough to affect the propagation
of electromagnetic waves. Long-term trends in this region
arise primarily from the greenhouse effect but are also influ-
enced by long-term solar periodicities and the secular varia-
tion of Earth’s magnetic field (LaStovicka, 2023).

This ionized area is mainly affected by solar extreme ul-
traviolet (EUV) radiation, which is absorbed by the neutral
components, heating and ionizing them. To model this at-
mospheric layer, direct measurements of EUV radiation are
needed. However, such data have only been available since
the satellite era; therefore, several models were developed us-
ing EUV proxies or different measurements that are closely
linked to the needed variable (Bilitza et al., 2022; Liu et al.,
2010). Modern proxies measure solar irradiance at specific
wavelengths on satellites, avoiding the interaction with the
atmosphere. The most common are magnesium II wing-to-
core ratio, helium II, and Lyman-alpha, among others.

The ionospheric structure has been measured since the
1930s after the development of the ionosonde. This instru-
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ment operates by emitting a vertical electromagnetic wave
from the ground and waiting for the reflection of the wave.
The internal layers are reached using different frequen-
cies. The ionosphere is mainly studied through ionosonde
databases, mainly due to their long time period and the re-
liability of the available data. The main data produced by
ionosondes are the critical frequencies and the peak height
of each layer.

Over the past decades, various solar indices have been
employed as proxies for estimating ionospheric parameters.
Among these, sunspot number (Sn) has historically been one
of the most reliable proxies due to its long record and strong
correlation with solar EUV radiation, which directly affects
the ionosphere. However, newer solar indices, such as the
F10.7 cm solar radio flux (Lastovicka et al., 2006; Mielich
and Bremer, 2013; Jakowski et al., 2024) and the more re-
cent F30 (LasStovicka, 2021; Dudok de Wit and Bruinsma,
2017; Zossi et al., 2024), as well as MgII (de Haro Barbas
et al., 2021), have been introduced as alternatives that may
offer better correlations under specific conditions or periods.

Recent studies have debated the effectiveness of these
proxies, particularly in representing ionospheric trends dur-
ing periods of low solar activity, such as the deep minima of
solar cycles 24 and 25. These discussions have highlighted
the need for continuous evaluation of solar proxies to en-
sure accurate long-term trend predictions, which are crucial
for both scientific understanding and practical applications in
space weather forecasting.

In recent years, some articles studied the changes in the
relationship between sunspot number and solar radio fluxes,
identifying a trend associated with the Sun that affects this
relationship (Clette, 2021; Mursula et al., 2022, 2024). The
solar radio fluxes trend to increase compared to sunspot num-
ber; this trend may introduce an error in models, which rely
on these indices.

In this study, we assess the performance of Sn, F10.7, and
F30 as proxies for modeling ionospheric foF2 for the period
1960-2023, particularly focusing on their ability to model
the ionospheric index IG, a key indicator of global iono-
spheric conditions. We examine the stability and correlation
of these proxies over different solar cycles and discuss the
implications of choosing one proxy over another for long-
term ionospheric studies. This procedure results in a better
performance of Sn over F10.7 and F30 to reproduce the com-
plete IG dataset, mainly during the complicated solar cycles
of 20, 23, and 24.

2 Data

The foF2 monthly median time series used in this
work are from the following 10 stations: Wakkanai
(45.2°N, 141.4°E), Kokubunji (35.7°N, 139.5°E), Oki-
nawa (26.3°N, 127.6°E), Hobart (42.5°S, 147.2°E), Can-
berra (35.2°S, 149.1°E), Townsville (19.2°S, 146.5°E), So-
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dankyld (67.3°N, 26.3°E), Boulder (40.1°N, 105.2°W),
Juliusruh (54.6°N, 13.4°E), and Rome (41.5°N, 12.3°E).
The selected stations have long records, covering, in some
cases, more than 60 years. Due to the uncertainties and
bad reading, some data were discarded. The criteria used
to calculate the monthly medians for each hour required at
least 15d available with measurements in every month, as
well as checking outliers in every case. Most of the datasets
were extracted from the Damboldt and Suessmann database
(Damboldt and Suessmann, 2012). The data were updated
until 2022 using records from the Lowell GIRO Data Cen-
ter (LGDC) (Reinisch and Galkin, 2011); foF2 data from
the Digital Ionogram Data Base (DIDBase) at LGDC have
a frequency of 5 to 15min. To obtain the monthly medi-
ans, data with autoscaling confidence score (CS) greater than
60 % were first selected, and then the hourly median for each
month was estimated. We checked that the last 2 years avail-
able from the Damboldt and Suessmann database had a rea-
sonable coincidence (within 5 %) with the data obtained from
GIRO.

In this work, the Ionospheric Global index (IG) is used to
analyze the solar proxies. IG was originally computed using
13 globally distributed ionosonde stations. The distribution
of these stations was a compromise between good global cov-
erage and reliable long-operating-period ionosonde stations.
However, due to station closures and data unavailability, the
number of stations used in IG has decreased to four (Brown
et al., 2018). Therefore, since IG is derived from ionospheric
measurements, it captures foF2 variations that are not solely
driven by solar activity, such as those caused by increased
greenhouse gases.

3 Methodology

In this work, we use linear regressions between the annual-
averaged IG index, which represents ionospheric foF2, and
solar proxies. The linear regression is a simple statistical
method that models the relation between two variables using
a linear equation,

y=op+ox, (D

where o parameters are the regression coefficients, usually
estimated using least squares, and x and y are the indepen-
dent and dependent variables, respectively.

This regression is widely used for systems highly sensitive
to a given variable or parameter. For example, many upper-
atmosphere parameters, when dealing with annual means,
respond to the solar flux almost linearly. We also extend to
a second-order regression, which is the same procedure but
adding a squared term for variable x.

To compare the performance of each proxy, we use the
squared correlation coefficient, R?, which provides a mea-
sure of the variance of y predicted by the model using the
independent variables.
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4 Results and discussion

Using the IG index as a global mean ionospheric condition,
IG values are scaled to sunspot number; this represents foF2
from different stations around the world. Figure 1 shows the
yearly averaged values of foF2 for the stations used in this
work and the IG index; the correlation between both is also
plotted. With an R? 0f 99.6 %, we can say that the IG index
is a reliable representation of ionospheric conditions. There-
fore, we will use it to compare with the solar EUV proxies.

The variability of ionospheric foF2, at the interannual
scale, is mainly driven by solar activity. For this reason, many
(practically any) EUV proxies result in an excellent correla-
tion with annual-averaged foF2.

As we mentioned, in the last years, many articles have
been published trying to find the correct proxy for long-term
trend estimation. Historically, the more used were the old-
est, i.e., sunspot number, and the solar fluxes at radio wave-
lengths, having measured datasets of 70 years and more.
However, such long datasets for ionospheric conditions are
uncommon, just a few measuring stations have reliable data
in this period.

The criteria from Lastovicka (2021) for selecting the best
solar proxy include high correlation, temporal stability, and
the trend estimation having a consistent sign throughout the
entire period. Based on these factors, the study concluded
that F30 is the most suitable EUV proxy for ionospheric
long-term trend estimation. The trend estimation is compared
to general circulation models (Solomon et al., 2018), where
the solar activity remains constant while greenhouse gases
increase, resulting in a trend of ~ —0.6 % per decade for
foF2.

As the main issue is to find long ionospheric datasets, in
many articles the trends are often assessed using data up to
2008, avoiding the deep solar minimum, or from 1985 to the
present. The important historical issues were the correlation
decreasing in some periods and the change in the estimated
trend after filtering the solar activity. These problems turn
into the necessity of looking for other solar EUV proxies,
particularly given the unique characteristics of the last solar
cycles (24 and 25), which featured two deep minima with
prolonged periods of zero sunspot numbers. During these
deep minima, the ionospheric foF2 drops below historical
minimum values; this fact can be easily noted since the 1G
index takes the highest quantity of negative values in the last
two cycles.

The stability of the correlation between proxies and data
results in a slight average correlation of F30 over Sn and
F10.7. This can be seen in Fig. 2, where an 11-year centered
moving correlation was calculated between IG and the three
proxies. F10.7 shows two periods of lower correlation; this is
a key reason for the need to use another proxy. On average,
F30 has a higher correlation using this comparative analysis,
especially in the last cycle, where correlations for the other
proxies decrease. Sn has a step down for this last cycle but is
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the best from 1990 to 2008 approximately, where solar fluxes
have a noticeable correlation decrease.

The linear correlation analysis indicates that Sn and F30
are better reproducing the variability of foF2, through the IG
index. Figure 3 shows the IG values modeled linearly using
both proxies along with the original dataset. This figure helps
to contextualize the moving correlation seen in Fig. 2. In all
maxima after 1980, F30 is closer to IG values; however, in
the complete previous solar cycle, Sn models the ionospheric
index better. On the other hand, during minimum solar peri-
ods, Sn outperforms F30, even during the last two deep min-
imum cycles. Taking into account that Sn has a minimum
possible value of zero, it is expected to fail to reproduce these
last two cycles; however, F30 does not reproduce the IG in-
dex decrease.

There is a clear trend between Sn and F30; note in Fig. 3
how F30 (green line) is under Sn (blue line) up to ~ 1990,
where two lines cross, and after this time F30 models higher
values of IG at almost every point. This behavior is closely
linked to the analysis made by Mursula et al. (2024); they
compare the solar flux indices with sunspot number, identi-
fying this increasing trend.

At this point, an important problem arises: if solar fluxes
increase compared to IG, which represents ionospheric foF2
level, we can anticipate a decreasing trend in the residuals
if we subtract IG modeled with F30 from the original data.
Perhaps, looking for a proxy with a decreasing trend led us
to a mistake with F30, mainly taking into account that F30
does not obtain the highest correlation before ~ 1980.

This can be noted in Fig. 4, where we perform an endpoint
moving correlation, fixing the first year to 1960, changing the
last year, and calculating the linear correlation of IG and the
three proxies. Additionally, the same analysis is performed in
reverse, fixing the final year to 2023, changing the first year,
and estimating the linear correlation. In Fig. 4, the superior
performance of Sn to predict IG is clear; the left panel shows
that when starting the analysis in 1960, Sn is the best for
almost the complete period, except for F10.7 at the begin-
ning. On the other hand, the right panel explains why F30
is sometimes considered the best, fixing the last year and
adding years backward in time; it can be noted that if the
correlation analysis begins in the period 1980-1990, F30 is
the best, but looking at the complete panel, it is clear that it
is just for that period. This is clearer when comparing with
Fig. 3, where we noted that F30 fails to model the beginning
and end of the IG dataset. Moreover, Sn has a clearly higher
stability for this kind of analysis; therefore, the question is,
why are we discarding Sn as a solar EUV proxy?

Note that the analysis in Fig. 4 is completely different from
the result in Fig. 2, due to the variation in the initial and end
years; the result of the best correlation using F30 can be ob-
tained by reducing the period used in the correlation. This
discrepancy is associated with the inclusion, or not, of solar
cycle 20 (1964-1976), where F30 does not properly repre-
sent the IG index variability.
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Figure 1. Yearly noon mean (12:00 LT) foF2 for the 10 stations used in this work (blue) and in the IG index (orange). The right panel shows
the linear correlation between IG and foF2, and the explained variance R% =0.996.
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Figure 2. The 11-year moving squared linear correlation between
IG and solar EUV proxies: Sn (blue), F30 (orange), and F10.7
(green).

An important ionospheric feature is the saturation (Balan
et al., 1994; Liu et al., 2003). During the daytime, there is
a maximum possible value of foF2, even if solar flux con-
tinues increasing. This problem is more evident at shorter
timescales. Many authors deal with this by performing a
quadratic or even cubic regression between proxies and foF2
(Liu et al., 2006; Ma et al., 2009; Danilov and Berbeneva,
2023). However, this effect is not that clear when analyz-
ing annual means. Figure 5 shows the linear and quadratic
regressions between proxies and 1G separately for periods
1960-1997 and 1985-2023 to have the same number of years
in each regression. Again, we can mention the higher perfor-
mance of Sn in the first cycles, and F10.7 is the second best
proxy. In contrast, F30 obtains a higher correlation in the sec-
ond period. There is a weak improvement using quadratic re-
gression at the annual scale; this can be noticed in each panel.
F10.7 exhibits a more significant increase in the correlation.
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Figure 3. Linear modeling of the ionospheric IG index using F30
(green) and Sn (blue), with the observed IG index (dashed black
line).

Is then sunspot number the best EUV proxy to model
foF2? The evidence up to this point suggests that it is more
stable when considering longer datasets. The saturation ef-
fect could be affecting the correlation; therefore, when sub-
tracting Sn values higher than 230 (~ 5 % of data) from the
daily dataset and calculating the annual mean, we obtain an
excellent improvement in the linear correlation between Sn
and IG. This method can also be used with F30 and F10.7,
but the improvement is not as good as with sunspot number
(see Table 1). In addition, we model the annual IG using a
quadratic regression; both results can be seen in Fig. 6. Since
Sn is the only proxy that shows the step down between cycle
23 and 24 minima, like IG and most ionospheric stations, it
obtains the highest correlation using the complete period.

The correlation using a de-saturated Sn and quadratic re-
gression shows a significant improvement over the original
dataset compared to Sn in Fig. 3. The maxima of all cy-
cles after 1970 are close to IG values. Moreover, the last two
minima are much better represented using the quadratic re-
gression and de-saturating the Sn dataset. The squared cor-
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Figure 5. Linear and quadratic regressions between proxies and IG separately for periods 1960-1997 (a, b, ¢) and 1985-2023 (d, e, f).

relations between indices and stations using the quadratic
regression can be seen in Table 1, comparing to linear and
de-saturated Sn. Table 1 shows that the quadratic regression
using Sn is, on average, the most effective to predict the
ionospheric foF2, followed by de-saturated Sn and quadratic
F10.7.

The only remaining task is the estimation of the long-
term trend using a highly reliable proxy. From Fig. 6, we
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can expect a nearly zero trend for the complete period.
This is confirmed by filtering the solar activity from the IG
dataset using de-saturated Sn and calculating the residuals,
which yield a trend of —0.008 % per decade. However, if we
take a close look at the minimum’s solar times in Fig. 6,
a clear trend can be noted: IG is higher than Sn in 1965
but lower in 2020. Considering that the COy cooling ef-
fect over the thermosphere is more pronounced during min-
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Figure 6. The 1G index (dashed black) and the IG index modeled using quadratic regression (orange) and de-saturated Sn (< 230, blue). The

right panel shows IG vs. IG modeled.

Table 1. Squared correlation (R?) between stations and indices using a quadratic (quad.) regression over the complete period (1960-2023),

comparing with linear and de-saturated Sn.

Snlinear F30quad. F10.7 quad. Snquad. Sn(<230)

Okinawa 0.917 0.859 0.940 0.944 0.939
Wakkanai 0.967 0.968 0.966 0.970 0.968
Kokubunji 0.981 0.979 0.984 0.989 0.988
Townsville 0.947 0.921 0.968 0.972 0.967
Canberra 0.980 0.972 0.983 0.988 0.989
Hobart 0.974 0.975 0.976 0.980 0.980
Juliusruh 0.983 0.981 0.978 0.984 0.981
Rome 0.970 0.971 0.976 0.979 0.978
Boulder 0.953 0.950 0.957 0.962 0.965
Sodankyld 0.911 0.900 0.901 0.911 0.907
Average 0.958 0.947 0.963 0.968 0.966

imum solar activity conditions (Emmert et al., 2008; Brown
et al., 2024), we could assume a more noticeable effect over
the ionospheric parameters as well during lower solar activ-
ity conditions. The theoretical trend estimated using a gen-
eral circulation model (WACCM-X) is —0.6 % per decade
for foF2 (Solomon et al., 2018). Therefore, by focusing on
the minimum solar years (1963-1965, 1975-1977, 1985-
1987, 1995-1997, 2007-2009, 2018-2020), the trend results
in —0.79 % per decade, which is really close to the theoret-
ical value. The residuals from this procedure are shown in
Fig. 7, where a clear and constant trend is noticed. It is im-
portant to note that the experimental trend using a similar
approach on ionospheric station data results in much higher
values, between 0.04 and 0.21 MHz per decade (Lastovicka,
2024; Zossi et al., 2024). Mikhailov et al. (2017) also found
a better correlation using sunspot number over F10.7 in the
long-term trend of the critical frequency of the E layer.

Ann. Geophys., 43, 91-98, 2025

5 Conclusions

In this work, we found that sunspot number is the most re-
liable solar EUV proxy for predicting the ionospheric index
IG over the period 1960-2023. This index is a good indica-
tor of the global ionospheric foF2, as is shown in Fig. 1 and
supported by the R? value.

While many recent articles claim F30 as the superior solar
EUV proxy, F30 fails at representing the step down during
the last two solar minima — a decline that is evident in the
Sn dataset. Some of these studies analyze shorter periods in
order to use more stations. In Fig. 2, we show that F30 is
the proxy with better stability to represent each cycle sepa-
rately. However, when analyzing the period 1960-2023, Sn
outperforms the F30 correlation, as shown in Fig. 3.

The main issue with F10.7 and F30 is the last two solar
cycle minima, where the ionospheric foF2 decreases more
than expected and where a linear model cannot reproduce
this decrease using the solar radio fluxes. Sunspot number, on
the other hand, effectively handles this issue. When applying
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saturated Sn.

a quadratic regression or neglecting saturation effects from
the daily database, Sn obtains the highest correlation, reliably
reproducing the last two cycles.

The only problem with this methodology is that if we cal-
culate the long-term trend filtering the solar activity, we do
not obtain the trend predicted by the global circulation mod-
els. Nevertheless, as we point out in Fig. 6, minimum solar
activity periods have a noticeable trend that results in good
agreement with the theoretical trend.
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