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Abstract

To assess upper atmosphere parameters, current models use different variables to account for solar
activity levels. Studies that evaluate the most recent solar cycles have shown that when dealing with the
ionospheric F2 layer, and in particular with foF2, the Mg Il index is a better choice than other solar activity
proxies to account for solar EUV variation. The International Reference lonosphere, version 2016 (IRI-
2016), a model widely used by the scientific community, uses the lonosonde Global (IG) index to assess
foF2. A most recent and expanded version, IRI-Plas, allows selecting a solar activity proxy among 7
options including IG and Mg Il. In the present work, the performance of IRI considering Mg Il to assess
foF2 is analyzed, comparing three modeling cases: IRI-2016 with its default solar activity index (IG), IRI-
2016 with Mg Il instead of IG, and IRI-Plas choosing Mg Il as the solar proxy option. This model
comparison was evaluated in terms of their agreement with measured foF2 data from four stations
located in Japan (Northern Hemisphere), and four in Australia (Southern Hemisphere). Monthly medians
for the 24 hours, along two periods of three years were considered: 2000-2002 and 2008-2010, which
correspond to epochs of maximum and minimum solar activity levels, respectively. Based on goodness-
of-fit statistics, our results show that in the case of IRI-2016, the Mg Il implementation does not reveal a
significant improvement for foF2 assessment, and the IRI-Plas performance with the Mg Il option is only
slightly better than the other two options. Dispersion diagrams between measured and modeled foF2
also evince a similar performance between the three models. All models show the same over- and
underestimation patterns, except in the nighttime case during the minimum activity level period for both
Australian and Japanese stations where IRI-Plas outperforms the other two model options. The
comparable performances of the three options might be attributed to a stronger variation in the evaluated
periods which could be related to seasonal changes rather than to solar EUV proxies. Future studies



considering time series over several years, covering at least a complete solar activity cycle, are required
to determine stronger model performance differences.

Keywords: International Reference lonosphere, solar activity proxies, Mg Il index, foF2, comparative
analysis

Highlights:

e Mg Il index was implemented in IRI-2016 to assess foF2 but results do not provide a clear
improvement of the model performance

e |RI-Plas with Mg Il option to assess foF2 provides a slightly better performance than IRI-2016

1. Introduction

The Sun is the main source of energy for our planet, thus having a direct impact on the structure of our
atmosphere. Therefore, to determine the behavior of the different atmospheric layers, in particular the
upper atmosphere, it is essential to analyze the influence of solar activity variability. Depending on the
radiation spectral range of interest, different solar activity proxies have been commonly used in the
literature to consider the impact of solar variations on the atmosphere. The variations of the solar EUV
radiation flux, which are directly linked to solar activity changes, are the main responsible for the
variability of the different ionospheric layers. Indeed, recent studies have demonstrated that the usage
of different indices to measure the solar EUV does not always provide the same ionospheric
reproducibility accuracy (Lastovicka, 2021a, 2021b; Danilov and Konstantinova, 2023).

Unfortunately, long-term measurements of solar EUV fluxes spanning several decades are not readily
accessible. As a result, researchers rely on different solar activity proxies when studying the ionosphere
over extended periods. These indices are essential for investigating climatology, long-term trends, and
changes in space climate. They provide valuable information for understanding the effects of solar activity
on the ionosphere despite the lack of direct long-term EUV measurements.

Early works linking ionospheric parameters with solar activity variations used the sunspot number, Rz,
as a proxy. Actually, Rz is the solar activity proxy with the longest record, dating back to 1749 on a
monthly basis, and to 1700 on a yearly basis (Clette et al., 2014). This index, together with the 10.7 cm
solar flux, F10.7, have been traditionally used in ionospheric studies (Liu et al., 2011). Nevertheless,
several long-term trend studies have evidenced that F10.7 is a better proxy than Rz in representing solar
EUV flux for ionospheric research (Lastovicka et al., 2006; Mielich and Bremer, 2013; Deminov et al.,
2020). Furthermore, recent studies recommend the use of the Mg Il index (core-to-wing ratio derived
from the Mg Il doublet at 280 nm) as a solar proxy for F2-layer critical frequency, foF2 (Lastovicka 2021a,
2021b), while F10.7 is still recommended for E-layer critical frequency, foE and Total Electron Content,
TEC (Lastovicka, 2021a).

The International Reference lonosphere (IRI) is an empirical model of the ionosphere that uses data from
a worldwide network of several instruments (such as ionosondes, satellites, rockets, etc.) and became
an official standard model with a very large user community (Bilitza et al., 2017, 2022). To model the
variability of the critical frequency of the F2 layer, foF2, related to the solar activity, IRl uses the lonosonde
Global (IG) index (Liu et al., 1983). This index was originally based on 11 reference stations, but currently



it is determined with only four (two from the Southern Hemisphere and two from the Northern
Hemisphere). Even though this small number of ionosondes has limited the reliability of the IG index in
representing global ionospheric conditions, according to Bilitza et al. (2022) it describes the solar cycle
changes in foF2 better than Rz and F10.7, since it is obtained from ionospheric measurements and may
include dynamic effects not covered by solar indices. The IRl model has continuously been updated
thanks to the effort of a big community of researchers around the world. This model calculates several
ionospheric parameters such as the ion concentration, electron density, temperature, vertical drift, among
others. Nevertheless, even the latest version of this model, IRI-2020, still considers IG for foF2
assessments.

On the other hand, there is an IRl adaptation, the IRI-Plas 2020 version, that has been modified to model
also the plasmasphere extending up to 20,000 km (Gulyaeva et al., 2011). This model has been used
for different applications such as high frequency (HF) signal studies (Sezen et al., 2013; Erdem and
Arikan, 2017), or computed ionospheric tomography (Tuna et al., 2014; Erturk et al. al., 2009). Moreover,
the IRI-Plas model allows selecting between different solar proxies to estimate foF2, and among them
the Mg Il index.

The evaluation of IRl model performance is a relevant area of study, as there is a continuous need to
recalculate its fittings over time due to the constant addition of new measured data. Moreover, there are
many studies which analyze the agreement between IRl modeled and observed foF2, but very few
studies make a comparison among the performance of different IRI options. Many comparisons are made
considering hourly values, and even with minute resolution, which would explain the errors magnitude
being on average ~1-1.5 MHz (Maltseva and Poltavsky, 2009; Arikan et al., 2019). Nevertheless, when
monthly medians are considered, the mean error falls to ~0.5 MHz (Maltseva and Poltavsky, 2009;
Tsagouri et al., 2018; Liu et al., 2019).

Previous studies have already analyzed if the degree of agreement of the IRl model can be further
improved by considering Mg Il as the solar activity index. These studies have been done using IRI-Plas,
but mainly focusing on the accuracy of TEC. The study of Sezen et al. (2018) is the first work to compare
ionosonde foF2 data to IRI-Plas foF2 values using all the solar proxy options available in this model but
considering daily mean values. In their study, the best fitting in terms of root mean squared error (RMSE)
is obtained, for the mid-latitude ionosphere, with the Lyman a solar proxy followed by |G and Mg Il solar
proxies. Additionally, the study of Abbas and Ameen (2022) evaluated the IRI-Plas ability to model foF2
considering four different proxies: F10.7, IG, Mg-Il, and Lyman-a. Their results show that IRI-Plas model
using Mg-Il proxy option generally performed better than with the other options, being Lyman-a the worst,
in contrast to the results of Sezen et al. (2018). Nevertheless, these studies are based on the comparison
of daily mean values, providing a RMSE difference between each proxy performance of around 0.5 MHz,
which accounts for the monthly median RMSE value previously indicated.

In this study, we evaluate the performance of IRl to model foF2 using Mg Il as a solar EUV proxy, in
comparison to the traditional I1G index. As the IRI modeled foF2 provides a better agreement with foF2
measurements on monthly timescales, our evaluation is carried out through a direct comparison with
foF2 observations based on monthly medians. Moreover, two IRI versions are considered: IRI-2016 and
IRI-Plas. The first one is still widely used by the community thanks to its wide accessibility, so we
implemented the Mg Il index in it by scaling the Mg Il to IG metrics. In the case of IRI-Plas, the Mg |l
index option to assess foF2 was selected in the running process. A quantitative evaluation for eight
selected ionospheric stations is provided that can be of significance for users and developers of this
fundamental ionospheric model. The results of this study aim to provide a better IRl modeling tool for
long-term solar variation studies.

2. Data and Methodology



In order to analyze IRI performance to model foF2 using Mg Il as a solar EUV proxy in comparison to the
traditional IG index, a statistical comparative analysis was carried out between modeled and measured
foF2 values. In the modeled case, three options that are described below were considered in order to
assess the convenience of using Mg |l as the solar proxy to model foF2 on a monthly basis.

2.1. foF2 measured data

Monthly median foF2 data from eight mid-latitude stations (four from Japan and four from Australia),
listed in Table 1, were used for this comparative analysis. Japanese stations data was obtained from
https://wdc.nict.go.jp/IONO/ and in the Australian case from
https://sws.bom.gov.au/World Data Centre/1/3. These stations were selected based on IRI reliability to
reproduce mid-latitude ionosphere and the long dataset availability. Two of these stations (Kokubuniji and
Canberra) are currently used in the IG calculation of IRI (Brown et al., 2018). Monthly median data
assessed from fewer than 15 daily data were removed from the corresponding foF2 time series.

The ionosonde dataset consists of 24-hour values for two periods of three years each: 2000-2002 and
2008-2010, which correspond to maximum and minimum solar activity levels, respectively. These two
periods were chosen expecting to find greater differences between solar proxies. Correlation coefficients
between any pair of solar activity proxies for periods covering a complete solar cycle, or more, are greater
than 0.95. However, when we focus on shorter periods, the coefficients decrease, specifically during
maximum and minimum epochs (Bruevich et al., 2014; Elias et al., 2021). This may be because the
variation linked to the quasi-decadal cycle is minimal at these levels of activity (first derivatives are zero
since we are at a maximum or minimum of the curves). Hence, the time variation due to specific forcings
of each proxy gains relative importance.

Table 1. Selected Japanese and Australian ionospheric stations. Latitude and Longitude correspond to
geographic coordinates.

Latitude | Longitude

Wakkanai | 45.16 °N | 141.75 °E

Kokubunji | 35.71 °N | 139.49 °E



https://wdc.nict.go.jp/IONO/
https://sws.bom.gov.au/World_Data_Centre/1/3

Yamagawa | 31.20 °N | 130.62 °E

Okinawa 26.68 °N | 128.15 °E

Canberra 35.17 °S | 149.19 °E

Brisbane 27.28 °S | 153.02 °E

Hobart 42.53 °S | 14719 °E

Townsville [ 19.16 °S | 146.48 °E

2.2. IRI modeled foF2

Monthly median foF2 data was modeled from 0 to 23 LT for the two periods of three years considering
two IRI versions: IRI-2016 and IRI-Plas.

The IRI-2016 model (Bilitza et al., 2017, 2022), freely available in Fortran source code at
https://irimodel.org/IRI-2016/, is used to obtain foF2. As previously indicated, this model runs considering
the IG index as a solar EUV proxy to assess foF2. To implement Mg I, this index was scaled to I1G
through a linear regression and then the original IG database was accordingly modified. The Mg Il index
used to scale IG was obtained from the University of Bremen and is freely available at http://www.iup.uni-
bremen.de/UVSAT/Datasets/Mgll (Viereck et al., 2010; Snow et al., 2014), covering the period
November 1978-present. Fig. 1 shows IG12 (IG 12-month running mean) and Mg I, together with the
corresponding dispersion diagram and its estimated linear regression fit. Therefore, modeled foF2 values
were obtained with the traditional IRI-2016, which we called IRI, and with the modified version considering
Mg Il instead of IG, which we called IRImod.

The IRI-Plas model used was obtained from its online version available at www.ionolab.org. This model
offers the possibility of selecting between nine solar proxies, among which is Mg Il (Gulyaeva et al., 2017,
2018). In this case, the foF2 modeled values were obtained by selecting Mg Il as the solar proxy to
estimate this ionospheric parameter. In both models, IRI-2016 and IRI-Plas, daily values were obtained
first for each hour and each station, followed by the monthly median calculation.
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Figure 1. Left panel: Time variation of 1G12 (blue) and scaled Mg Il index (orange). Right panel:
Dispersion diagram of IG12 vs. Mg Il (green dots), and its linear regression fit (dashed red line).

2.3. Methodology

The monthly median foF2 data series of the three models, that is IRI, IRImod, and IRI-Plas, evaluated
for each local time, from 0 to 23, were compared to foF2 observations. The following comparison metrics,
commonly used in data-model prediction comparisons (e.g., Willmott and Matsuura, 2005; Chicco et al.,
2021), were considered: Pearson's linear correlation coefficient (RHO), the mean relative error (MRE),
and the mean absolute error (MAE), whose equations are listed in Table 2.

RHO measures the linear association strength between modeled and observed foF2, indicating how
similar the variability of one series is to that of the other. It is bounded between 1 and -1, where 1 is the
optimal value indicating that both time series vary identically. MRE measures the average bias of the
modeled values over or underestimating the observed one depending on its sign: positive or negative,
respectively. It gives similar information to the percentage bias, and its optimal value is 0. Finally, MAE
is a scale-dependent measure of deviation that corresponds to the IRI model deviation from the
observations. The optimal value of MAE is 0, indicating that both series are identical.

Considering that the time series compared cover three years of monthly data, that is 36 data points in
total each, whenever the foF2 observed time series has less than 24 data points, the corresponding
RHO, MAE and MRE were removed. Also, only the cases where RHO significance was higher than 95%
were kept in this analysis.

Table 2. Equations for the statistical metrics to evaluate IRI, IRImod, and IRI-Plas performance. IRI
models and observed foF2 data are represented by x and y, respectively; n corresponds to the number
of points.

Name Equation




Pearson’s correlation coefficient (RHO) RHO — n(Xxy) — (Zx) 2y)
JInzx? — 0 [n2y* — (2y)7]

Mean relative error (MRE) 1 (x=v)
MRE = nZ y

Mean absolute error (MAE) MAE = 12
=2l =yl

3. Results

Figs. 2 and 3 show, as an example, monthly median foF2 values at noon for the selected stations during
the low and high solar activity periods, 2008-2010 and 2000-2002 respectively, together with the
corresponding IRl modeled values. It can be noticed that the main variation is due to seasonality.
Japanese stations show a prevailing winter anomaly with a superposed semi-annual variation, and
Australian stations exhibiting a dominant semi-annual variation with equinoctial maxima. The observed
and modeled curves for each station and period appear to vary in phase.

Figs. 4 to 9 show the RHO, MAE, and MRE metrics calculated for each of the two periods, in terms of
local time. The in-phase variation noticed in Figs. 2 and 3 is confirmed by the high RHO values for almost
all the cases, as can be seen in Figs. 4 and 7. The exceptions occur during morning or late afternoon
hours, where RHO drops below 0.7 in some cases during maximum solar activity level period, and to
values lower than 0.5 during the minimum solar activity period. In the latter case, this occurs particularly
during early morning hours. Regarding each model performance in terms of RHO, there is not any
marked difference. Therefore, it can be said that they all reproduce the time variability in a monthly scale
with a similar degree of agreement.

In the cases of MAE and MRE, the differences are relatively small, with the outperformance of each
model alternating along hours and stations. However, some distinctions can be made. In the case of
MAE (Figs. 5 and 8), during solar activity maximum, IRI-Plas performs considerably better in the case of
Townsville and Okinawa. During the period of minimum solar activity, differences among the models are
not so clear. This is also evidenced in the average values of MAE and MRE listed in Table 3, where MAE
mean values are almost equal among the models for the 2008-2010 period.

Regarding MRE (Figs. 6 and 9), IRI-Plas is the better option during the maximum solar activity period.
During the minimum solar activity epoch, IRI-Plas overestimates foF2 on average in the cases of Hobart,
Townsville, Kokubuniji, Okinawa and Yamagawa. This is supported by its mean value of 0.078 (see Table
3), which is one order of magnitude higher than MRE mean values for IRl and IRImod.



Overall, and based on Table 3, it could be said that IRImod and IRI-Plas, both using Mg Il, are only
slightly better than the version of IRI that uses IG.

Table 3. Mean MAE and MRE over the eight ionospheric stations and 24 hours, for each modeled foF2
(IRI, IRImod, and IRI-Plas) compared to foF2 observations, along each 3-year period (2000-2002 and
2008-2010).

IRI IRImod | IRI-Plas

MAE (2000-2002) | 0.704 | 0.691 | 0.652

MAE (2008-2010) | 0.524 | 0.526 | 0.546

MRE (2000-2002) [ 0.040 | 0.029 | 0.028

MRE (2008-2010) | -0.006 | 0.005 | 0.078
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Figure 2. Noon monthly medians of foF2 for low solar activity years (2008-2010): measured (black line)
and modeled foF2 with IRI (blue), IRImod (orange), and IRI-Plas (blue).
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Figure 3. Noon monthly medians for high solar activity years (2000-2002): measured (black line) and
modeled foF2 with IRI (blue), IRImod (orange), and IRI-Plas (blue).
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terms of local time. The correlated series consist of monthly medians covering the period January 2008-

December 2010.
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Figure 9. Mean Relative Error (MRE) between observed foF2 and modeled foF2 by: IRI (black asterisk),
IRImod (red dots), and IRI-Plas using Mg Il (blue dots) for each of the selected stations, in terms of local
time. The correlated series consist of monthly medians covering the period from January 2008-December
2010.

Another way of comparing foF2 modeled to observed data is through a dispersion diagram. Figs. 10 to
13 present the dispersion between modeled and observed foF2 values for Australian and Japanese
stations, for each 3-year period separately, and also for nighttime and daytime local times, that is 8
different cases for each model. The nighttime cases include 23, 0, 1, and 2 LT, while the daytime cases
include 11, 12, 13, and 14 LT. The linear fits between each model and observed time series are shown
(dashed lines) together with the first bisector (solid black line) which correspond to perfect agreement. In
most of the cases, the linear fits are very similar, which implies similar performance of the three models.
The only difference can be noticed in the nighttime case during the minimum activity level period for both
Australian and Japanese stations (Figs. 11 and 13, lower-right panels), where IRI-Plas outperforms the
other two model options. In this case, the linear fit (blue dashed line) is closer to the bisector line than
the other linear fits (black and red dashed lines).

In general, during high solar activity, the three IRl model estimations tend to overestimate the observed
data for the lowest foF2 values and underestimate them for the highest values, as if the saturation effect
is not completely solved by the model, being "over-considered" instead (Figs .10 and 12). During the
minimum solar activity period, however, during daytime for the Australian (Fig. 11, upper panels), and
Japanese (Fig. 13, upper panels) cases, there is an overall overestimation by the model across the entire
foF2 range. It is also noteworthy that IRl and IRImod tend to underestimate foF2 values towards the
lowest values during the Japanese, nighttime, low solar activity period (Fig. 13, left and middle lower
panels).
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Figure 10. IRI modeled versus observed foF2 data considering the four Australian stations, 2000-2002
period: IRI (left panels, black asterisk), IRImod (middle panels, red dot) and IRI-Plas (right panels, blue
dots). The black solid line represents the perfect fit between model and observed data. Dashed lines are
the linear regression for each set of points. Upper panels: daytime hours (11 to 14 LT), lower panels:
nighttime hours (23 & 0 to 2 LT). Linear regression fit equations with correlation coefficient indicated
between brackets are indicated in the corresponding colors.
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Figure 11. IRl modeled versus observed foF2 data considering the four Australian stations, 2008-2010
period: IRI (left panels, black asterisk), IRImod (middle panels, red dot) and IRI-Plas (right panels, blue
dots). The black solid line represents the perfect fit between model and observed data. Dashed lines are
the linear regression for each set of points. Upper panels: daytime hours (11 to 14 LT), lower panels:
nighttime hours (23 & 0 to 2 LT). Linear regression fit equations with correlation coefficient indicated
between brackets are indicated in the corresponding colors.
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Figure 12. IRl modeled versus observed foF2 data considering the four Japanese stations, 2000-2002
period: IRI (left panels, black asterisk), IRImod (middle panels, red dot) and IRI-Plas (right panels, blue
dots). The black solid line represents the perfect fit between model and observed data. Dashed lines are
the linear regression for each set of points. Upper panels: daytime hours (11 to 14 LT), lower panels:
nighttime hours (23 & 0 to 2 LT). Linear regression fit equations with correlation coefficient indicated
between brackets are indicated in the corresponding colors.
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Figure 13. IRI modeled versus observed foF2 data considering the four Japanese stations, 2008-2010
period: IRI (left panels, black asterisk), IRImod (middle panels, red dot) and IRI-Plas (right panels, blue
dots). The black solid line represents the perfect fit between model and observed data. Dashed lines are
the linear regression for each set of points. Upper panels: daytime hours (11 to 14 LT), lower panels:
nighttime hours (23 & 0 to 2 LT). Linear regression fit equations with correlation coefficient indicated
between brackets are indicated in the corresponding colors.

4. Discussion and conclusions

IRI-2016 performance modeling foF2 was assessed considering: (1) IG as a solar activity index in IRI-
2016, that is the default option to model foF2 variation linked to solar activity variability, (2) Mg Il instead
of IG in IRI-2016; and (3) Mg Il as a solar index in IRI-Plas model. Each model option was called: IRI,
IRImod, and IRI-Plas, respectively. The comparison was made based on three statistical measures
commonly used for this purpose: linear correlation (RHO), mean absolute error (MAE) and mean relative
error (MRE), assessed between monthly medians along the 24 daily hours of foF2 assessed with each
model option and foF2 measurements for eight ionospheric stations: four Australian and four Japanese
stations. We considered two periods of three years around a maximum (2008-2010) and a minimum
(2000-2002) solar activity level. Additionally, a visual inspection was also done through dispersion
diagrams.

Based on RHO, MAE, and MRE figures, and also on mean values in Table 3, we conclude that the
performance of the IRI-2016 model is not significantly improved by considering Mg Il as a solar EUV
proxy. Nor is the performance of IRI-Plas with the Mg Il option. Moreover, we can make a rough
comparison of the MAE mean values of Table 3 to the mean difference between IRl and IRImod foF2
estimations, and IRl and IRI-Plas foF2 estimations. For the periods 2000-2002 and 2008-2010 the
differences resulted in 0.166 and 0.070 respectively in the IRImod case, and 0.490 and 0.320 in the IRI-
Plas case. IRI-Plas presents greater differences with IRI-2016 than IRI-2016 modified with Mg II.
However, the four values of mean differences just mentioned are around the same magnitude as MAE
mean values between model and observation. This means that the model-observation difference is
similar to the difference between the two IRI versions, and greater in some cases. This result provides
an additional verification of the correct implementation of Mg Il done by replacing the IG index in IRI-
2016.

The dispersion diagrams show that the three models perform similar overall, with the same over and
underestimation patterns except in the nighttime case during the minimum activity level period for both
Australian and Japanese stations where IRI-Plas outperforms the other two model options.

In the comparative analysis of Abbas and Ameen (2022), they recognize the outperformance of Mg I,
and recommend it as the index to be used for space weather modelling of foF2 at the stations they
analyze in Pakistan and Japan, and even though the difference in the performances between F10.7, I1G,
Mg-Il and Lyman-a, considering MAE for example, is stronger than ours, it does not exceed ~0.05 MHz
on average.

One reason for observing negligible differences is that the stronger variation in the two periods
considered is that corresponding to seasonality, which is not associated with solar EUV proxies. In fact,
solar proxies do not present any seasonal variation. In addition, it seems that the increase in relative
importance of the time variation due to specific forcings of each proxy is lower than foF2 seasonal
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variation. Stronger differences should be noted considering statistical performance metrics applied to
time series separated into local times and months (or season) along several years, or at least covering
more than a solar activity fraction. The main variability will be linked then to solar activity variation. This
option will be explored in the future adding also ionospheric stations covering wider regions.

Data availability

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 stations from
https://downloads.sws.bom.gov.au/wdc/iondata/au/; Mg Il index is available from the University of
Bremen at http://www.iup.uni-bremen.de/UVSAT/datasets/Mg II. The IRI-2016 model freely available in
Fortran source code at https://irimodel.org/IRI-2016/; The IRI-Plas model used was obtained from its
online version available at www.ionolab.org.
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