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Abstract Local empirical models of the F2 layer peak electron density (NmF2) are developed for 43 low‐
middle latitude ionosonde stations using auto‐scaled data from Lowell GIRO data center and manually scaled
data from World Data Center for Ionosphere and Space Weather. Data coverage at these stations ranges from a
few years to up to 6 decades. Flare Irradiance Spectral Model index version 2 (FISM2) and ap3 index are used to
parametrize the solar extreme ultraviolet (EUV) flux and geomagnetic activity dependence of NmF2. Learning
curves suggest that approximately 8 years of data coverage is required to constrain the solar activity dependence
of NmF2. Output of local models altogether captures well known anomalies of the F2 ionospheric layer.
Performance metrics demonstrate that the model parametrized using FISM2 has better accuracy than a similarly
parametrized model with F10.7, as well as than the IRI‐2020 model. Skill score metrics indicate that the FISM2
based model outperforms F10.7 model at all solar activity levels. The improved accuracy of model with FISM2
over F10.7 is due to better representation of solar rotation by FISM2, and due to its performance at solar
extremum. Application of singular spectrum analysis to model output reveals that solar rotation contributes to
about 2%–3% of the variance in NmF2 data and FISM2 based model, while F10.7 based models overestimate the
strength of solar rotation to be at 4%–7%. At solar extremum, both F10.7‐based model and IRI‐2020 tend to
overestimate the NmF2 while FISM2 provides the most accurate prediction out of three.

Plain Language Summary We developed local empirical models of peak electron density (NmF2)
that describe its variation with solar activity, geomagnetic activity, and season. The NmF2 data for this model
comes from 43 ionosonde stations all over the world. Our local models capture well known global
characteristics of the NmF2. Further, we show that the solar activity dependence of NmF2 is better explained
using the FISM2 which is an empirical model of solar EUV variability. Data‐model comparison reveals that
FISM2 based model of NmF2 is more accurate than a F10.7 based model and significantly more accurate than
the IRI‐2020 model. Among the three models, FISM2 provides the most accurate representation of the solar
rotation signal in NmF2 and a better prediction of NmF2 during periods of solar maximum and minimum.

1. Introduction
Ionospheric F2 layer peak electron density (NmF2) is an important ionospheric parameter due to its application to
HF radio communication, satellite‐based navigation, radio astronomy, and space weather prediction (e.g., Can-
der, 2019 and references therein; De Gasperin et al., 2018). Several physical and empirical models of different
ionospheric quantities including NmF2 have been developed in the past and used for both operational and
research purposes. Because of the computational cost associated with physical models and gaps in the under-
standing of ionosphere system, empirical models continue to play an important role for both applications and
academic research. Ionospheric empirical models are also used for data reduction purposes wherein the variability
from known drivers is removed from the ionospheric data sets. A typical application of ionosphere data reduction
is for resolving long‐term trends (e.g., Zossi et al., 2023) and interannual variability of ionospheric parameters.
International Reference Ionosphere (IRI) and NeQuick are the two most widely used empirical models of the
ionosphere (Bilitza et al., 2022; Nava et al., 2008).

Unlike their physical counterpart, whose prediction capability is limited by the state of knowledge of the physical
system, the accuracy of empirical models is as good as the available historical observations and proxies for the
explanatory variables. Therefore, continuous, and consistent observation of ionospheric parameters and the
drivers of their variability is critical to constraining the dependency of the ionosphere on its drivers. The strongest
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driver for the variability of the ionosphere is solar Extreme Ultraviolet (EUV) radiation. EUV cannot be moni-
tored from the ground due to its strong absorption by the atmosphere, while satellite‐based observations of EUV
are challenging and include long data gaps (Cessateur et al., 2012; Donnelly, 1987; Woods et al., 2005). Space
based EUV instruments are subjected to the harsh space environment and require periodic calibration to address
the degradation of various components (e.g., BenMoussa et al., 2013; Woods et al., 2018).

Due to the limited availability of direct EUV observations of the Sun, researchers have employed various proxies
to estimate solar EUV‐related variability and its impact on the Earth’s ionosphere. Of these, the F10.7 index is the
most widely used proxy among the ionosphere community. F10.7 is the 10.7 cm microwave flux emitted by solar
chromosphere and corona, and it is strongly correlated with solar EUV flux. Unlike EUV, the 10.7 cm flux faces
little attenuation by the atmosphere and requires inexpensive monitoring hardware that faces little degradation
over long time and is easy to calibrate. Tapping and Morgan (2017) noted a 2% calibration change when radio
telescopes were relocated from Ottawa to Penticton. While F10.7 helps to explain the monthly mean state of
ionosphere, it does not fully capture the short‐term variability of ionosphere driven by solar EUV. To remedy the
drawbacks of these proxies, several solar EUV spectral models have been developed by parametrizing available
EUV observations with proxies (e.g., Chamberlin et al., 2007, 2020; Hinteregger et al., 1981; Lean et al., 2003;
Richards et al., 2006; Thiemann et al., 2019; Tobiska, 2004; Warren et al., 2001).

There are several discrepancies in using F10.7 as a proxy for solar EUV variability. First is the strong short‐term
variability in F10.7 that is not seen in EUV (de Wit et al., 2008; Donnelly et al., 1983; Hinteregger, 1981;
Schonfeld et al., 2019). Some of the short‐term variability in the F10.7 index can be attributed to the fact that
F10.7 daily averages are undersampled, making them sensitive to transient solar events (Tapping & Char-
rois, 1994). Second is non‐linearity between F10.7 and EUV observations (e.g., Balan et al., 1994; Liu
et al., 2006; Richards et al., 1994). Third is its bottoming‐out at low solar activity (Chamberlin et al., 2007; Chen
et al., 2011). Some studies have used a modified F10.7 index F10.7P = (F10.7 + F10.781)/2 to remove some of the
non‐linearity and short‐term variability from the F10.7 index (e.g., Hinteregger et al., 1981; Liu et al., 2006;
Richards et al., 1994). Because EUV and F10.7 emissions originate from different region of sun through
distinctive physical mechanisms, they are expected to have different variability driven by subtle difference be-
tween the solar rotation modulation of these emissions pertaining to different optical thickness of their source
regions.

This paper describes the development of local empirical models of NmF2 based on data from 43 ionosonde
stations and the FISM2 model of solar EUV. Combined output of the local models is tested to examine how well it
captures the known global ionospheric features. The predictive performance of FISM2‐based model is compared
against a similarly parametrized model with the F10.7 index, and the IRI‐2020 model (Bilitza et al., 2022).
Different metrics discriminated against the solar activity are used to assess the performance of these models at
different solar activity levels with special attention paid to the periods of solar minima and maxima. We also
explore the suitability of F10.7 and FISM2 to reproduce the solar rotation modulation of NmF2.

2. Data and Methodology
2.1. Ionosonde Data

This study utilizes ionosonde data obtained from 43 low to mid‐latitude ionosonde stations, spanning from few
years to several decades of data coverage. Of these, 37 stations are available from the Lowell GIRO (Global
Ionospheric Radio Observatory) Data Center (LGDC) (Reinisch & Galkin, 2011), while the remaining 6 stations
are sourced from the World Data Center (WDC) for Ionosphere and Space Weather, operated by the National
Institute of Information and Communication Technology (NICT). Note that the LGDC data is auto scaled, while
WDC data is manually scaled. The geographical locations of the ionosonde stations and their data coverage are
depicted in the top and bottom panels, respectively, of Figure 1. Table 1 lists the names, short names, geographical
coordinates, magnetic latitude, and the scaling method of the stations used in current study. The parameter used in
current study is F2 region peak electron density (NmF2). Data is preprocessed to eliminate outliers, then gridded
to 30 min resolution and subjected to a low‐pass filter to remove variations with time periods less than 6 hr.
Outliers are filtered out using a Hampel filter with a window size of 3 and a standard deviation threshold of 3 (Liu
et al., 2004). Leap days are excluded from the modeling data set to simplify representation of seasonal cycle for
different years.
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At some stations, there were instances when autoscaled data shows saturation around noontime, particularly
during high solar activity. This issue was attributed to problems with auto‐scaling. The impact of such data on
model prediction is discussed in Text S2 of the Supporting Information S1, focusing on the GRAH station. Note
that the Confidence Score, as noted in previous studies (e.g., Chartier et al., 2023), does not effectively identify
problems in the autoscaled data.

2.2. Solar EUV Proxies

We utilize daily values of Flare Irradiance Spectral Model‐Version 2 (FISM2) as EUV proxy to model the solar
irradiance dependence of NmF2. FISM2 is a spectrally resolved empirical model of solar EUV variability in the
wavelength range of 0.01–190 nm. It incorporates observations from multiple spacecraft instruments including
SDO EVE (Woods et al., 2012), SORCE SOLSTICE (McClintock et al., 2005), and SORCE XPS (Woods
et al., 2005) to model daily EUV irradiance (Chamberlin et al., 2007, 2020). During the time periods when EUV
observations are not available, FISM2 uses different proxies as a backup for different EUV bands including the
F10.7 index, MgII c/w (Snow et al., 2005), and the H1 Lyman‐α (Woods et al., 2000). The selection of proxy for
each wavelength is based on their formation temperature and location in solar atmosphere (Chamberlin
et al., 2007). FISM2 daily model is obtained by separately modeling the three components at each wavelength that
is, the solar minimum reference, the solar cycle component, and the solar rotation component. The estimation of
the first two components involves using a 108‐day smoothed time series of measurements and proxies, with only
the available days included in the smoothing process for near real‐time estimations. Reader is referred to
Chamberlin et al. (2020) for the detailed parametrization scheme of FISM2.

Figure 1. Geographical location of ionosonde stations used in current study (top) and their temporal data coverage (bottom).
Black line marks the Quasi‐dipole equator as of 2020. Dashed blue lines mark the location of EIA crest (±23 QD latitude).
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Table 1
List of Ionosonde Stations Used in Current Study

Station Short name Latitude Longitude QD lat. (2020) Scaling

Akita AKIT 39.7 140.1 33 Manual

Ascension Island ASCE −8 −14.4 −19.6 Auto

Austin AUST 30.4 −97.7 39.6 Auto

Boa Vista BOA_ 2.8 −60.7 8.9 Auto

Boulder BOUL 40 −105.3 48.1 Auto

Brisbane BRIS −27.1 153.1 −35.7 Auto

Cachoeira Paulista CACH −22.7 −45 −20.6 Auto

Chilton CHIL 51.5 −0.6 47.5 Auto

Cocos Island COCO −12.2 96.8 −21.5 Auto

Darwin DARW −12.5 131 −21.2 Auto

Dyess Afb DYES 32.4 −99.8 41.3 Auto

Eglin Afb EGLI 30.5 −86.5 40.4 Auto

Fortaleza FORT −3.9 −38.4 −8.7 Auto

Grahamstown GRAH −33.3 26.5 −41.5 Auto

Guam GUAM 13.6 144.9 6 Auto

Hermanus HERM −34.4 19.2 −42.3 Auto

Irkutsk IRKU 52.4 104.3 48.1 Auto

Jeju JEJU 33.4 126.3 27.3 Auto

Jicamarca JICA −12 −76.8 −0.5 Auto

Kokubunji KOKU 35.7 139.5 28.9 Manual

Kwajalein KWAJ 9 167.2 3.7 Auto

Learmonth LEAR −21.8 114.1 −31.7 Auto

Louisvale LOUI −28.5 21.2 −38 Auto

Lualualei LUAL 21.4 −158.1 21.1 Auto

Madimbo MADI −22.4 30.9 −32.3 Auto

Millstone Hill MILL 42.6 −71.5 50.6 Auto

Moscow MOSC 55.5 37.3 51.8 Auto

Nicosia NICO 35 33.2 29.6 Auto

Niue NIUE −19.1 −169.9 −21.1 Auto

Norfolk NORF −29 168 −35.6 Auto

Okinawa OKIN 26.7 128.2 20.2 Manual

Perth PERT −32 116.1 −43.2 Auto

Port Stanley PORT −51.6 −57.9 −39.7 Auto

Pruhonice PRUH 50 14.6 45.5 Auto

Pt Arguello PT_A 34.8 −120.5 40.3 Auto

Ramey RAME 18.5 −67.1 26.1 Auto

Santa Maria SANT −29.7 −53.7 −22.5 Auto

Sanya SANY 18.3 109.4 12.2 Auto

Syowa SYOW −69 39.6 −66.8 Manual

Townsville TOWN −19.6 146.9 −28.4 Auto

Wakkanai WAKK 45.2 141.8 38.7 Manual

Wuhan WUHA 30.5 114.4 24.9 Auto

Yamagawa YAMA 31.2 130.6 24.7 Manual

Note. QD lat. = Quasi Dipole Latitude as of 2020.
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In our model equation (Equation 1), we integrate FISM2 data spanning from 0.05 to 105.05 nm, aligning with the
spectral coverage of the SEE instrument on the TIMED satellite. FISM2 improves upon previous EUV models in
various aspects, notably in its representation of solar rotational variations. Recently, Goncharenko et al. (2021)
conducted a comparative analysis of different EUV proxies to model TEC dependence on solar irradiance,
identifying FISM2 as the most effective. To assess the performance of the NmF2 model based on FISM2, we also
constructed a similar model using the F10.7 index, which remains the most used solar EUV proxy in ionosphere‐
thermosphere models owing to its extensive historical record dating back to 1947 (Elvidge et al., 2023; Tap-
ping, 2013 and references therein). Another proxy, the sunspot number, goes back even further in history
spanning 400 years, however, it is a synthetic index that is affected by human bias and calibration (see Clette
et al., 2014).

Further in this manuscript, we will use the label MF107 and MFISM to represent the local empirical models based
on the F10.7 index and FISM2, respectively. Note that we do not use the modified index F10.7P in this study
because we want to highlight the difference in solar rotation features in NmF2 captured by F10.7 and FISM2.
Solar rotation variations in different wavelength bands stem from the uneven distribution of solar activity on the
solar disk, combined with radially varying optical thickness of these emissions (Woods et al., 2005). Periodicity
of solar rotation is influenced by the presence and distribution of multiple active regions on the solar disk, their
positioning in solar latitude, and the solar differential rotation. The phase of solar rotation in a specific emission
depends on its center‐to‐limb variation profile. F10.7 and FISM2 encompass distinct emission sources across
different solar layers; thus, the nature of solar rotation in F10.7 and FISM2 is anticipated to be different. It is
important to note here that monthly median models like IRI overlook the solar rotation related variability of
NmF2, which can introduce prediction errors.

Figure 2 shows a comparison of various aspects of F10.7 and FISM2 time series. Panel (a) shows standardized
F10.7 and FISM2 time series spanning from 2000 to 2022, while their Lomb‐Scargle periodogram is shown in
panel (b). It is clear that F10.7 exhibits stronger variations at shorter time scales. To examine the nature of solar

Figure 2. (a) Time series of standardized F10.7 and FISM2 (b) Lomb‐Scargle periodogram of F10.7 and FISM2 (c) Eigen
values from singular spectrum analysis of F10.7 and FISM2 (d) Lomb‐Scargle periodogram of RC2 + RC3 for F10.7 and
FISM2. See legend for line colors.
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rotation variability in two time series, singular spectrum analysis (SSA) is used to separate the non‐stationary
solar rotation component in each time series. SSA is a data adaptive technique which decomposes a time se-
ries into long‐term trends and quasi oscillatory components without assuming a basis function (Elsner & Tso-
nis, 2013; Vautard et al., 1992). An oscillatory component identified by SSA appears as a pair of degenerate eigen
vectors (having nearly same eigen value) (Vautard & Ghil, 1989). To select the appropriate window size for SSA,
we perform SSA with varying window size around the solar rotation period until a clear eigen pair is identified.
We found that for the F10.7 and FISM2 time series, a 36‐day window results in a clear eigen pair. Panel (c) shows
the eigen values of various modes of variability decomposed by SSA using a window size of 36 days. The pair of
second and third eigen value corresponds to the solar rotation related variations (see Text S1 in Supporting In-
formation S1). The net solar rotation component is estimated by adding the second and third reconstructed
component. Panel (d) shows the Lomb‐Scargle periodogram of the net solar rotation component of F10.7 and
FISM2. It is notable that the solar rotation and other short‐term variations are stronger in the F10.7 index.

2.3. Model Formulation

Model formulation is similar to Goncharenko et al. (2021), albeit with variation in solar flux lags. The model
includes solar activity, geomagnetic activity, and intra‐annual terms. Solar activity dependence of NmF2 is
parametrized using the solar EUV flux and its square. Proxies used for solar EUV flux are F10.7 and FISM2 as
explained in previous subsection. The influence of geomagnetic activity is defined using the ap3 index at various
lags (0, 3, 6, 9, 12, 24, 48, and 72 hr). Annual and intra‐annual variation of NmF2 is represented by harmonic
terms up to 3rd harmonics of the day of year. Lastly, the interaction terms between the solar activity and seasonal
variation are included. The mathematical expression of model is given by Equation 1.

NmF2(t,DOY) = NmF20 + NmF2solar(t) + NmF2geomag(t) + NmF2season(DOY) + NmF2inter(t,DOY) (1)

where, NmF20 is the intercept term. The remaining model terms are expanded as:

NmF2solar(t) = a1 ∗ EUV(t − 48) + a2 ∗ EUV(t − 48)
2

NmF2geomag(t) = ∑
l=0,3,9,12,24,48,72 hours

bl ∗ Ap3(t − l)

NmF2season(DOY) = ∑
3

i=1
(ci sin

2iπ ∗ DOY
365

+ di cos
2iπ ∗ DOY

365
)

NmF2inter(t,DOY) = EUV(t − 48) ∗ ∑
3

j=1
(ej sin

2jπ ∗ DOY
365

+ fj cos
2jπ ∗ DOY

365
)

+ EUV(t − 48)
2 ∗ ∑

2

k=1
(gk sin

2kπ ∗ DOY
365

+ hk cos
2kπ ∗ DOY

365
)

Here, EUV is the proxy for solar EUV variability, Ap3 is the geomagnetic 3‐hourly ap3 index, DOY is the day of
year. The coefficients a, b, c, d, e, f, g, and h are parameters to be estimated. All model coefficients are local time
(LT) dependent with a time resolution of 30 min. The inclusion of the squared EUV term and its interaction with
DOY aims to account for the seasonally dependent saturation of NmF2 during periods of high solar activity, as
noted in prior studies (Ikubanni & Adeniyi, 2013; Ma et al., 2009). The quadratic term for solar flux is calculated
after standardizing the linear solar flux term to reduce its correlation with the linear term. While this procedure
significantly reduces the correlation between even and odd degree terms, there remains a significant correlation
within the even or odd degree terms themselves. We refrain from including higher degree polynomial terms of
solar flux to prevent overfitting, excessive model complexity, and multicollinearity. Note that the FISM2 is
adjusted to a constant distance of 1 AU, therefore when using FISM2 as EUV proxy in Equation 1, the annual term
also accounts for the variation in sun‐earth distance. The empirical model is solved through linear regression to
determine log10(NmF2).
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The ap3 parameterization is based on Goncharenko et al. (2021). It includes multiple delays of ap3 to capture the
average response to geomagnetic storms, which can persist for over 48 hr. We selected the ap3 index over the Dst
index because ap3 is derived from several low‐ to mid‐latitude stations, providing a more general proxy for solar
particle flux input that affects ionospheric electron density. Borovsky and Shprits (2017) discuss the limitations of
the Dst index in modeling geophysical phenomena during geomagnetic storms. The Hpo index (Yamazaki
et al., 2022) with 30–60‐min resolution could serve as another valuable proxy, but it only extends back to 1995
and is not suitable for modeling historical data sets.

The selection of 48‐hr lag for solar EUV is based on the correlation between NmF2 and FISM2, which maximizes
at a non‐zero lag, as seen in Figure 3 for the GRAH station (left panel). Figure 3 also illustrates number of stations
with maximum correlation at a given lag at LT = 10 (center) and difference in correlation between zero lag and
lag of maximum correlation (right). Most stations have a lag of 2 days although these statistics may vary with LT.
Nevertheless, the effect of lag on correlation is minimal and should not significantly affect model coefficients. It is
important to note that unlike the ap3 index, we refrain from including multiple lags for solar flux proxy to prevent
multicollinearity, as their time series remains highly correlated even at substantial lags.

To compare the performance of local models against the standard global empirical models, NmF2 was also
computed using standard IRI‐2020 model which provides two different methods for estimating NmF2/foF2:
CCIR (Jones et al., 1969) and URSI (Rush et al., 1984). The IRI NmF2 used in this study is based on the URSI
foF2 model plus the foF2 storm model in IRI.

3. Results and Discussion
3.1. Minimum Data Coverage to Constrain Solar Flux Dependence of NmF2

The accuracy of an empirical model of a given complexity is closely tied to the amount of training data
available. Given the significant variability in data coverage of different ionosonde stations, it is important to
determine the minimum number of years of data required to effectively fit/train the model in Equation 1. We
use learning curves to estimate the approximate minimum data requirements. To calculate learning curve for
each station, the model is trained using an increasing number of years of data until a reasonable test error is
attained. Selection of training data is done in a way that mimics the real‐world data coverage scenario. Initially,
the training data size starts with 1 year and increments by 1 year at each training step. Each training step is
repeated 30 times with data from randomly selected years. When training set spans multiple years, the first year
is selected randomly and remaining years are selected consecutively to avoid sampling different parts of the
solar cycle. All the remaining data, which is not used in training, is used as the test data. Training and test errors
are estimated using mean squared error (MSE). Figure 4 shows the average learning curve derived from
learning curves of all the ionosonde stations using F10.7 and FISM2 version of the model. It can be inferred
from the learning curves that around 8 years of data coverage is required to constrain the solar flux dependence

Figure 3. Correlation between solar flux and NmF2 over GRAH at LT = 10 (left). Number of stations with maximum
correlation coefficient at a given lag (center). Difference between correlation coefficients at zero lag and lag of maximum
correlation (right). Correlation coefficients are calculated between integrated FISM2 and NmF2 at LT = 10. Dashed green
line in left panel marks the location of zero lag correlation.
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of NmF2 using model of complexity given by Equation 1. It is worth noting
here that the MSE for FISM2 model is always smaller than the F10.7 model.

3.2. Global Ionosphere Anomalies

Ionospheric anomaly term is used to mark the significant deviation of spatio‐
temporal behavior of the F2 layer from the Chapman ionization theory. To
show that the local models capture the well‐known global ionospheric
anomalies, model output for all the stations at fixed low solar (F10.7 = 100)
and geomagnetic (ap3 = 3) activity is binned in magnetic latitude. Figure 5
shows the variation of binned NmF2 with magnetic latitude and solar local
time. Panel (a), (b), (c), and (d) corresponds to March, June, September, and
December, respectively. Several ionosphere anomalies identified in
Figure 5 are:

(a) Double‐crest equatorial ionization anomaly (EIA) formation is seen
during all the seasons (e.g., Anderson, 1981; Moffett, 1979; Raghavarao
et al., 1988; Rajaram, 1977; Walker, 1981).

(b) Winter/seasonal anomaly marked by enhanced winter hemisphere NmF2
during solstice before 12 LT (Johnson, 1964; Rishbeth & Setty, 1961).
Note that the winter anomaly is stronger in the northern hemisphere
(Burns et al., 2014; Torr & Torr, 1973).

(c) Semiannual anomaly marked by equinox NmF2 greater than solstice (e.
g., Mayr & Mahajan, 1971; Millward et al., 1996; Volland, 1969).

Figure 4. Learning curve of NmF2 model using F10.7 and FISM2 index. The
test error saturates after 8 years of data availability.

Figure 5. NmF2 model output from all stations binned in Quasi‐dipole latitude and LT for (a) March, (b) June, (c) September,
and (d) December at fixed F10.7 = 100 and Ap3 = 3. “+” markers in panel (a) mark the Quasi‐dipole latitude of the
ionosonde stations used in binning. Dashed white lines in panels (b) and (d) mark 12 LT.
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(d) Annual anomaly (non‐seasonal or annual asymmetry) marked by NmF2 in December solstice larger than June
solstice (Berkner & Wells, 1938; Rishbeth & Muller‐Wodarg, 2006; Sai Gowtam & Tulasi Ram, 2017;
Yonezawa, 1971).

(e) March equinox NmF2 is greater than September equinox (Liu et al., 2010).

3.3. Model Performance Metrics

Figure 6 compares the data and model prediction for a low‐latitude station Jicamarca (JICA) and mid‐latitude
station Wakkanai (WAKK) for the year 2011. Both MFISM and MF107 capture the solar flux, seasonal and
LT variation of NmF2, with MFISM generally closer to the observations. IRI‐2020 underestimates NmF2,
especially at JICA location. IRI‐2020 also does not properly capture several prominent features in seasonal and
LT variations at WAKK; it misses morning and evening peaks in NmF2 during summer season, overestimates
noontime NmF2 in winter and underestimates nighttime NmF2 in winter. Also note that solar rotation signal is
larger in F10.7 and MF107 NmF2. MF107 overpredicts NmF2 response to solar rotation in comparison with

Figure 6. log10(NmF2) from Jicamarca ionosonde observation during the year 2011 (a). Prediction using NmF2 model with F10.7 (b), FISM2 (c), and IRI‐2020 (d).
White line in (b) and (c) indicates the F10.7 and FISM2 index, respectively. The right column is the same but for WAKK station.
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observations for both stations. A more comprehensive discussion about solar rotation signal in MF107 and
MFISM is provided in Section 3.5.

We utilized several metrics to examine performance of models in a comprehensive manner (Liemohn et al., 2021).
Figure 7 shows the LT and seasonal variation of MAPE (mean absolute percentage error) for MF107, MFISM,
and IRI‐2020 models over JICA and WAKK stations, considering data from all the years within their coverage
period. During the daytime, MFISM shows a noticeable improvement over MF107 and IRI‐2020 at both the
stations. However, for the JICA station, there are larger nighttime errors in MF107 and MFISM. The discrepancy
might be attributed to the independent modeling of NmF2 at each LT. Notably, this discrepancy is absent at the
WAKK station. WAKK station generally has larger MAPE in winter during the morning and evening time. IRI
MAPE is exceptionally large during morning time at both the stations. The bottom panel shows the distribution of
MAPE for JICA and WAKK station across all the LTs and summarizes the conclusion that FISM2‐driven model
provides most accurate description of NmF2.

Figure 8 shows the RMSE (root mean square error) and MAPE for three models and all stations as a function of
magnetic latitude and season at 13 LT. MFISM (first panel) has the lowest RMSE and MAPE among the three
models. Both RMSE and MAPE are larger in the northern hemisphere than the southern hemisphere. One of the
potential reasons for larger errors in the northern hemisphere could be the atmospheric forcing at northern EIA

Figure 7. MAPE for JICA (top) and WAKK (center) models. Left, center and right panels correspond to MF107, MFISM and IRI2020, respectively. Bottom panel shows
the distribution of MAPE for JICA (left) and WAKK (right) station across all LTs. Colorbar is stretched to show IRI‐2020 errors.
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latitudes. However, the latitude dependence of error needs to be interpreted with caution because it is biased by
the data availability at a given station and solar cycle coverage. Of the three models, IRI‐2020 has the largest error
partly due to the unresolved solar rotation. For IRI‐2020, the latitudes with worst errors are contributed by
GUAM, SANT, and OKIN stations where MAPE reaches 70% during some months (note that the colorbar is
saturated). Error at SANT station is biased toward the low solar activity due to biased data coverage (not shown).
As we will see in further sections, IRI‐2020 tends to overestimate NmF2 at low solar activity and hence have
larger errors. OKIN on the other hand has extensive data coverage for over 50 years, so the error cannot be
attributed to a specific solar activity. For MFISM and MF107, latitudes with largest errors are due to NIUE,
DARW, COCO, LUAL, and DYES stations; all these stations have less than 8 years of data coverage. MAPE for
these stations gets as large as 35% during certain seasons. MFISM has the lowest MAPE among these models
which stays around 15% for the stations with good data coverage (see bottom panel).

The performance of MFISM and MF107 at different solar activity levels, seasons and LTs can be compared by
using skill score. Skill score enables the comparison of different metrics between two model versions (Liemohn
et al., 2021; Murphy, 1988). Skill score for mean square error (MSE) accuracy metrics is given as

SSMSE = 1 −
∑(MFISM

i − Oi)
2

∑(MF107
i − Oi)

2

A positive (negative) skill score indicates the newer model version is better (worse) than the previous version.
Figure 9 shows the skill score for MF107 and MFISM comparison at low (top), moderate (middle) and high

Figure 8. RMSE (top) and MAPE (mid) for MFISM (left), MF107 (center), and IRI‐2020 (right) models. Interpolated in QD latitude. White markers in first panel at
DOY = 180 marks the location of stations in QD latitude used for interpolation. Bottom panel shows the histogram of MAPE for each model.
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(bottom) solar activity for JICA (left) and WAKK (right). The low, moderate, and high solar activity is defined as
0–25, 25–75 and 75–100 percentile of the available FISM2 values. It is clear that MFISM always performs better
than MF107 at all solar activity levels. The skill score and accuracy discussed in this, and the previous sub‐section
does not give insights on the subtle differences between these models. The following sub‐sections focus on the
nature of difference between these models.

3.4. Performance at Solar Maxima and Minima

Previous research has shown that the decline in F10.7 during the deep solar minima of 2008 does not align
proportionally with EUV (Chen et al., 2011). This observation is confirmed by the MF107 prediction for KOKU
station in Figure 10. The top panel of the figure displays box plots of data, MFISM, MF107, and IRI‐2020
predictions at 13 LT across various solar minima. Here the solar minima data refers to the period 1 year
before and after FISM2 reaches its minimum value during each solar minimum. The bottom panel illustrates the
time series of KOKU data and model predictions during the 2008 minimum. Notably, during the 2008 and 2019
minima, MF107 tends to overestimate NmF2. MFISM also overestimates NmF2 but to a lesser degree.
Conversely, IRI‐2020 consistently overestimates NmF2 during all solar minima. Lühr and Xiong (2010) reported
from CHAMP observations that IRI‐2007 overestimated ionospheric electron density during 2008–2009 by 50%–
60%. This problem also persisted in IRI‐2012 where it cannot reproduce the reduction in NmF2 during the deep
solar minima of 2008–2009 (Ezquer et al., 2014; Perna et al., 2017). Perna et al. (2017) reported that IRI performs
better at mid latitudes than low latitudes during the solar minima. It’s worth noting here that we did not observe
IRI‐2020 overestimation at WAKK which is a mid‐latitude station (see also Araujo‐Pradere et al., 2011). Overall,
the local empirical models MF107 and MFISM offer more accurate estimation of NmF2 during solar minima, and
MFISM is the most accurate among these models.

Figure 11 illustrates the performance of various models during solar maxima at 13 LT over KOKU. The top panel
displays box plots of data and model predictions across different solar maxima, while the bottom panel shows the
time series of these models during the 2001 solar maximum. It’s evident from the figure that IRI‐2020

Figure 9. Comparison of Skill score between model with F10.7 and FISM2 over Jicamarca (left panel) and Wakkanai (right
panel). Top, middle, and bottom panels correspond to low, medium, and high solar activity, respectively. Positive values
indicate model with FISM2 performs better than model with F10.7 and vice versa. Bold white lines envelope the regions with
negative skill score.
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consistently overestimates NmF2 during all solar maxima. Further, the time series in the bottom panel indicates
that IRI‐2020’s overestimation becomes most pronounced during the summer months, a pattern observed at other
stations as well (not shown). Both MF107 and MFISM offer improved predictions over IRI‐2020.

Summarizing the model performance during solar maxima and minima (via box plots and time series plots), it can
be inferred that during solar minima, IRI‐2020 tends to overestimate NmF2 across all seasons. Conversely, during
solar maxima, IRI‐2020 overestimates NmF2 particularly in the summer season. MFISM exhibits the least
overestimation. The variance in performance between MF107 and MFISM at solar extrema is attributed to non‐
linearity in the relationship between F10.7 and solar EUV irradiance.

3.5. Solar Rotation Features in NmF2 Data and Model

This section discusses only the MF107 and MFISM models because IRI does not resolve solar rotation features in
NmF2. To quantify the solar rotation predicted by these models, we use SSA to resolve the quasi‐oscillatory
modes corresponding to the solar rotation. The eigen values of these modes are used to express the strength of
solar rotation at each station and model. Similar to Section 2.2, the selection of window size for SSA is based on
the eigen pair formation. It was found that a window size of 47 and 43 days resulted in clear eigen pair formation
for the data and model time series, respectively. Panel (a) of Figure 12 shows the eigen modes corresponding to
solar rotation in NmF2 data, MF107, and MFISM for JICA station at 13 LT. Panel (b) shows the eigen values of
different modes in the three time series. The degenerative eigen value pair of 3rd and 4th eigen value corresponds
to the solar rotation mode. These eigen values suggest that the variance explained by the solar rotation in NmF2

Figure 10. Top panel shows the box plot of KOKU data (blue), MFISM (red), MF107 (yellow), and IRI‐2020 (violet) at 13
LT during the years of solar minima. Bottom plot shows the time series of log10(NmF2) at 13 LT for all the models during
2008–2009 solar minima.
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data, F10.7 model and FISM2 model is 2.04%, 6%, and 2.41%, respectively. Panel (c) shows the periodogram of
reconstructed solar rotation modes in each time series for JICA station. It can be inferred from panel (b) and (c)
that the solar rotation variance and periodicity in MFISM is more similar to data as compared to MF107 and that
MF107 always overemphasizes strength and periods of solar rotation. Panel (d) shows the eigen value of solar
rotation component predicted by MF107 and MFISM at various stations against their magnetic latitude. It is clear
that MF107 overestimates the solar rotation variance for all the stations.

One of the reasons for discrepancy in solar rotation between MFISM and MF107 is the contribution of optically
thick coronal gyroresonance to F10.7. Schonfeld et al. (2019) reported that the solar rotation variability in F10.7 is
often driven by the discrete gyroresonance sources on solar disk which is unrelated to the EUV emissions. The
discrepancy between solar rotation in MFISM and data is relatively small and might be partly attributed to the use
of integrated FISM2 in the present study. This is because the solar rotation variability is different in different EUV
bands (Chamberlin et al., 2007).

4. Summary
Empirical models of the ionosphere play a vital role in our increasingly space weather‐aware society. With a shift
in focus from ionospheric climate to ionospheric weather, these models must expand beyond their traditional
monthly median predictions. This necessitates the availability of suitable EUV proxies or models capable of
capturing the solar irradiance dependence of NmF2 on shorter time scales. In this study, we examined the efficacy
of local empirical models, based on 43 low to mid‐latitude ionosondes, in capturing the day‐to‐day variability of
NmF2 related to solar irradiance. The first model relies on the F10.7 index, traditionally used as an EUV proxy,

Figure 11. Same as Figure 10 but for solar maxima.
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while the second model is based on the FISM2, empirical model of solar irradiance based on observations from
multiple satellite missions. We also compared the predictive performance of these models against the IRI‐2020
model. Key findings from this study include:

• Approximately 8 years of data coverage is necessary to effectively capture the solar flux dependence of NmF2.
• The combined output of local NmF2 models accurately reflects well‐known global ionospheric anomalies.

Local empirical models demonstrate lower prediction errors compared to the IRI‐2020 model across all
stations, with some locations showing significantly superior performance.

• FISM2‐driven models exhibit superior predictive capabilities for NmF2 compared to F10.7‐driven models.
One of the reasons for the enhanced performance of FISM2‐driven models is their accuracy in predicting the
strength of solar rotation in NmF2. Additionally, FISM2‐driven models perform better in predicting NmF2
during the solar minima and maxima. The Mean Absolute Percentage Error (MAPE) for the FISM2‐based
models is typically around 15%.

• MF10.7 overestimates NmF2 during the 2008 and 2019 solar minima.
• IRI‐2020 overestimates NmF2 during all solar maxima and minima. Overestimation during solar maxima is

increased during the summer months.

Earlier, Goncharenko et al. (2021) concluded that FISM2‐driven model outperforms models driven by other solar
activity indices or proxies for empirical modeling of TEC at middle latitude. Combination of these results sug-
gests that FISM2 is the most suitable solar activity proxy for empirical modeling of ionospheric electron density.

The findings presented here demonstrate significant benefit to the ionospheric research community from
implementing advances obtained by the solar physics community. In particular, accurate description of solar

Figure 12. (a) Third EOF from SSA of data, MF107 prediction and MFISM prediction for JICA at LT = 13. (b) Eigen values
(in units of percentage variance) of different EOFs from SSA with window size = 47 for data and 43 for model prediction.
Three lines correspond JICA ionosonde NmF2, MF107, and M FISM2. (c) Lomb‐Scargle periodogram of the solar rotation
component (sum of RCs corresponding to eigen pairs in (b)). (d) Combined variance (%) of RC3 and RC4 from MFISM and
MF107 at different stations as a function of QD latitude. See legend for color codes (SR = Solar rotation).
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spectral irradiance variability that is provided by FISM2 and enabled by TIMED/SEE, SORCE/SOLSTICE,
SDO/EVE, and other missions, is an important component in better understanding and prediction of ionospheric
parameters. As solar EUV is a major driver of ionospheric and thermospheric variability on both short‐term and
long‐term scales, these results have implications for space weather studies and development of more accurate
ionospheric models that meet demands of modern technological society.

Some findings from the current study bear significant implications for understanding the influence of lower
atmospheric forcing and long‐term trends in the ionosphere. While extensive data coverage may not be essential
for developing empirical models in this study, it is crucial for quantifying the ionosphere’s long‐term variations in
response to interannual changes in atmospheric forcing and geomagnetic secular variation. Further, the
accountability of solar rotation in NmF2 variability could also be a crucial factor in diagnosing atmospheric
forcing effects on the F region ionosphere. The unaccounted solar rotational signal can be misinterpreted as due to
atmospheric forcing. Future iterations of these models will incorporate considerations for geomagnetic secular
variations and lunar tide‐related variations in NmF2, which is expected to further enhance the accuracy of NmF2
predictions and will allow to resolve lower atmospheric forcing and long‐term trends in the F region ionosphere.

Data Availability Statement
Auto‐scaled ionosonde data used in this study is retrieved from Lowell GIRO Data Center (GIRO, 2011; Reinisch
& Galkin, 2011). Manually scaled ionosonde data is provided by WDC for Ionosphere and Space Weather,
Tokyo, National Institute of Information and Communications Technology (WDC for Ionosphere and Space
Weather, n.d.). Daily averaged EUV flux from FISM2 is available from LASP Interactive Solar Irradiance
Datacenter (Chamberlin et al., 2020; LISIRD, 2005). F10.7 and ap3 index are available from Madrigal Database
(CEDAR Madrigal database geoindices, 1950). Model coefficients and forward code for the regional NmF2
empirical models are archived at https://doi.org/10.5281/zenodo.13242667 (Singh & Goncharenko, 2024).
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