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Abstract

The first global maps of the F2 layer critical frequency (foF2) and the maximum usable frequency
factor M(3000)F2 had been produced in 1960’s and approved by the International Telecommunication
Union, ITU-R(CCIR). The CCIR maps are used in conjunction with the International Reference
Ionosphere, IRI, and the Ionosphere-Plasmasphere, IRI-Plas, model to reproduce foF2, hmF2, 3D
spatial structure of the ionosphere and the total electron content, TEC. The more recent global
GMF2 model of foF2 and hmF2 is for the first time examined in the present study in conjunction with
IRI-Plas system for the median prediction of foF2m, hmF2m, the electron density height profile Ne(h)
and global grids GIM-TEC of TECm at altitudes from 65 km to 20000 km (GNSS orbit). Our comparison
of IRI-Plas ‘model’ TECm with the ‘truth’ global UQRG monthly median GIM-TEC for December 2024
showed RMS = 10 TECu. The accuracy of TECm could be improved to RMS = 5 TECu by implementing
the GTEC model into IRI-Plas yielding the corrected values of foF2cor, hmF2cor, Ne(h)cor and TECcor.
We calculated the ‘true’ median foF2 and hmF2 for quiet geomagnetic conditions (ap < 15 nT) from
45 ionosondes located around the world. Three options of IRI-Plas predictions using CCIR, GMF2
and GMF2cor were compared with the ‘true’ median foF2 and hmF2 from 45 ionosondes located
globally for the low solar activity, LSA (2019) and high solar activity, HSA (2024). GMF2 and GMF2cor
outperform CCIR at all months of LSA, and in most cases at HSA with the lowest deviation from
the reference ionosonde data of foF2 equal to 8.5% (GMF2) at LSA and HSA, and that of hmF2 equal
to 9.2% (GMF2cor) at LSA and 5.3% (GMF2) at HSA. Data-model comparisons at middle and low
latitudes, separated by parallels at +30° of geomagnetic latitude, shows dominant discrepancies al
low latitudes. Since majority of the best results are obtained with GMF2 we recommend the GMF2
foF2 and hmF2 to be default options in IRI and IRI-Plas models instead of the CCIR prediction.
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1. Introduction

The instantaneous maps of the F2 layer peak density and height are in high demand in satellite communication
and space based Global Navigation Satellite System (GNSS). Using data of the network of sounding stations
available since 1940, the first global maps of the F2 layer critical frequency (foF2) and the maximum usable
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frequency factor M(3000)F2 have been produced in 1960’s and approved by the International Telecommunication
Union, ITU-R (Jones and Gallet, 1962; CCIR, 1966). The CCIR maps (CCIR, 1966) are used in conjunction with the
International Reference Ionosphere, IRI (Bilitza et al., 1979, 2017, 2022, 2024) and the Ionosphere-Plasmasphere,
IRI-Plas, model (Gulyaeva and Bilitza, 2012; Gulyaeva et al., 2013) to reproduce foF2, hmF2, 3D spatial structure
of the ionosphere and the total electron content, TEC. The IRI also includes the option to use the URSI model for
foF2 (Rush et al., 1989). Since 2016, two different models of hmF2, namely, AMTB-2013 model (Altadill et al., 2013)
and GMF2 hmF2 model (Shubin, 2015) have been included in IRI (Bilitza et al., 2017, 2022). Efforts are underway
to improve the F2 layer climatological models with the more extended database such as NPDM NmF2, NPHM
hmF2 (Hoque and Jakowski, 2011, 2014), GMF2 foF2 and hmF2 (Shubin, 2015, 2017; Shubin and Deminov, 2019;
Shubin and Gulyaeva, 2021) and CLIM2 model of foF2 and hmF2 (Edwards et al., 2025a, 2025b).

The International Reference Ionosphere (IRI) model and its extension into the plasmasphere (e.g., IRI-Plas) have
been built to represent the monthly average behavior of space plasma accepted as the international standard by
COSPAR, URSI and the International Standardization Organization, ISO (Bilitza et al., 2017, 2022, 2024; Bilitza, 2023;
Gulyaeva et al., 2013; ISO 16457, 2022). The IRI and IRI-Plas are using the F2 layer peak parameters from the CCIR
maps of the F2 layer critical frequency (foF2) and the maximum usable frequency factor M(3000)F2 converted to the
peak height (hmF2) (CCIR, 1966; Bilitza et. al., 1979). Both IRI and IRI-Plas have an option to input the measured or
instantaneous values of foF2 and hmF2 to scale the electron density profile according to the current conditions in the
ionosphere. Using any empirical model as a background climatology with assimilation of the real-time observations
is very helpful in the operational ionospheric parameter reconstruction. Missing foF2 and hmF2 instant data, input
of GNSS derived TEC between satellite (20 000 km orbit) and ground station is ingested in IRI-Plas to produce
instant F2 layer peak parameters and the electron density profile Ne(h) through the ionosphere and plasmasphere
providing continuous global coverage (Gulyaeva et al., 2013).

Nowadays, the Total Electron Content (TEC) is one of the most widely used parameters that represent the
ionospheric variability in space and time (Hernandez-Pajares, 2009). Global ionospheric maps GIM-TEC are used by the
assimilative models for their inversion into the instantaneous maps of the F2 layer peak electron density and height
because they are the most accessible global characteristics of the ionosphere (Gulyaeva et al., 2013; Gerzen et al., 2015;
Galkin et al., 2022). Assessing the effectiveness and uncertainties of assimilative procedures to contemporary global
empirical ionospheric models presents challenge for the contemporary models (Gerzen et al., 2015). In particular,
it was found that the accuracy of the IRI electron density model based on global ionosonde data in 2011 and 2015
is typically from 15% to 25% at low and middle dip latitudes (<60°) and 50% to 80% at high dip latitudes (>60°)
at heights from 200 km to 1 000 km (Arikan et al., 2019; Edwards et al., 2025b; ISO 16457, 2022; and references
therein). A global assessment of the accuracy of the characteristics of the ionospheric F2 peak was made using radio
occultation RO data co-located with the ionosonde data (McNamara and Thompson, 2015; Ratovsky et al., 2017;
Paul et al., 2025). The comprehensive validation by Paul et al. (2025) establishes COSMIC-2 as a reliable source of
high-quality data characterizing the peak of the ionospheric electron density.

This paper discusses for the first time the implementation of GMF2 maps of foF2 and hmF2 (Shubin, 2015, 2017;
Shubin and Gulyaeva, 2021) in conjunction with IRI-Plas code for the monthly median prediction of foF2m, hmF2m,
Ne(h) profile and TECm at altitudes from 65 km to 20 000 km (GNSS orbit). Adjustment of IRI-Plas TEC results
obtained with the peak parameters foF2 and hmF2 of GMF2 to the global model of the total electron content
GTEC (Shubin and Gulyaeva, 2022) produces a new set of corrected IRI-Plas output parameters — foF2cor, hmF2cor,
Ne(h)cor profile and TECcor. We examine three options of the IRI-Plas implementation of the F2 layer peak and
TEC parameters: (1) GMF2 denotes foF2 and hmF2 from GMF2 model which serve as input in IRI-Plas to produce
TEC; (2) GMF2cor — foF2, hmF2 input from GMF2 model aligned with GTEC model which are used as input in
IRI-Plas to produce foF2cor, hmF2cor and TECcor; (3) CCIR - IRI-Plas calculation of foF2, hmF2 and TEC using CCIR
coefficients. We compare IRI-Plas results of TEC under the different combinations of the F2 layer peak indices with
measured GIM-TEC ‘truth’ data to estimate reliability of IRI-Plas TEC predictions. The sequence of CCIR, GMF2
and GMF2cor in IRI-Plas is then compared with the ‘truth’ ionosonde data of the foF2 and hmF2 in order to assess
their effectiveness in low solar activity, LSA (2019) and high solar activity, HSA (2024) worldwide. IRI recommends
the use of the CCIR model over the continents and the URSI model over the oceans. The ionosonde data used here
for comparisons are located on continents, so comparisons are made with the CCIR option. Results are presented
in the following Sections.
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2. Data Analysis

The International Reference Ionosphere-Plasmasphere (IRI-Plas) code is used in the assimilative mode as
the three-dimensional (3D) interpolator of the GNSS-derived total electron content, TECobs. The brief diagram
of IRI-Plas processing components is plotted in Fig. 1. Similar to IRI, the execution starts specifying the input
parameters: year, month, day, universal UT or local LT time of day, geographic or geomagnetic latitude and longitude,
and index of solar activity, SA. These parameters serve as drivers of the CCIR foF2 and M(3000)F2 issue which in
turn are used to produce the IRI-Plas quiet time parameters, including the peak height hmF2, the electron density
Ne(h) height profile, the temperature height profile and the total electron content TEC. Extra input of observed
or modelled GIM-TEC is envisaged to upgrade GMF2 peak density and height yielding corrected proxies foF2cor,
hmF2cor, Ne(h)cor and TECcor. IRI-Plas is applied for producing electron density Ne(h)height profile at altitudes from
65 km to 20 000 km (GNSS orbit) crossing the peak of the F2 layer electron density at the peak height minimizing
the deviation of the model TECm from the instantaneous TECobs retrieved from the source GIM-TEC at each grid
point of the map.
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Figure 1. Flowchart of IRI-Plas operation.

The global median GMF2 model is an empirical model of the F2 layer peak parameters (foF2 and hmF2), observed
on a global network of 248 ground-based ionospheric stations from 1958 to 2022, as well as ~5 x 106 satellite radio
occultation profiles of electron density (ED) for the period from 2001 to 2022. These data allowed for near-global
coverage of foF2 and hmF2 in 15° increments in longitude and 5° increments in latitude, corresponding to 864 cells
for each month at a fixed UT hour. The global median empirical GTEC model of total electron content as well as
GMF2 foF2 and hmF2 models are based on spherical harmonic analysis. The GTEC model is built from the global
GIM-TEC ionospheric maps produced by the Jet Propulsion Laboratory, JPL, from 1996 to 2019. The Legendre
method is used in developing the GMF2 and GTEC models to spatially decompose the monthly medians foF2, hmF2
and TEC calculated from the relevant database, and then the Fourier method is applied to decompose the resulting
coefficients over time UT (Shubin, 2015, 2017; Shubin and Gulyaeva, 2021, 2022). The coefficients of the GMF2
and GTEC models were calculated for use in the IRI-Plas model with a recalibrated 12-month smoothed sunspot
number SSN2. Here, we analyse the GMF2 and GTEC models for the quiet median condition to compare them with
the median empirical CCIR model.

The valid ‘truth’ GIM-TEC data for the comparisons with the modelled TECm were obtained from the rapid UQRG
GIMs on a 15 min cadence by Polytechnical University of Catalonia, Barcelona, Spain (UPC), gAGE/UPC, which can
be downloaded from the FTP server ftp://cddis.gsfc.nasa.gov/gps/products/ionex/ (Hernandez-Pajares et al., 2009).
JPL 1-hour cadence GIM-TEC and UQRG 15-minute cadence GIMs are analysed daily on the IZMIRAN website
(https://www.izmiran.ru/ionosphere/weather/) to obtain GIM-foF2, GIM-hmF2, GIM-W index maps. JPL GIM-TEC
were used to build the GTEC model, so we selected UQRG GIM for analysis here. UPC is using a Kriging based
interpolation scheme to generate TEC maps. The maps are arranged in IONEX format at latitudes from 87.5°N
to 87.5°S in step of 2.5°, longitudes from 180°W to 180°E in step of 5°. The 15-min TEC maps start at 00:00 UT and
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end at 23:45 UT but only hourly GIMs are used in the present study. The UPC GIMs are in agreement with the different
‘truth’ ~ ‘truth’ data pairs of GIMs (Roma-Dollase et al., 2017). Because of their global nature, these 2D maps are
suitable for statistical studies or three-dimensional model products evaluations along with other measurements to
make meaningful conclusions on model operation.

We calculated the deviation of the model from the reference ‘truth’ data from pixel to pixel and epoch to epoch
and then estimated the root mean square (RMS) of the differenced values:

1 N
RMS = \gzl (Ym — Yo)? 1)

Here N is the number of data pairs, Ym- model, Yo- empirical value.
The percentage deviation between ‘model’ prediction and ‘truth’ data is obtained with Eq. (2):

PRMS = 1ZN(Ym_Y°)2x1oo 2
T N4y Yo )

To produce the instant proxy foF2 from the CCIR or GMF2 median F2 layer critical frequency (foF2m), we assume
that the ratio of NmF2/NmF2m (equivalent to foF22/foF2m?) is zequal to the ratio TECobs/TECm so that an instant
proxy foF2 = NmF?2 is obtained from Eq. (3):

NmF2 = NmF2m X TECobs/TECm %)

We need then to generate the instant proxy F2 layer peak height which cannot be straightforward delivered
from the instant TECobs. A good solution for this purpose presents an empirical model of the instantaneous hmF2
expressed versus changes of foF2 derived from the topside sounding database (Gulyaeva, 2012). That model presents
anticorrelation of log (hmF2/hmF2m) with log (foF2/foF2m) in terms of the solar activity SA, season and magnetic
latitude @:

1 (hmFZ)_F(l (fOFZ)SA q)) 4
8\ hmr2m) = "8 foF2m)’ season, @

Details of the model (Eq. (4)) are provided in (Gulyaeva, 2012). Denoting Dlogh = log (hmF2/hmF2m) and
Dlogn = log (NmF2/NmF2m) with NmF2 ~ foF2%, the dependence of Dlogh on Dlogn is expressed by a linear function:
Dlogh = a + 8 x Dlogn at 8 thresholds of ionospheric perturbation W index, which ranges from -4 (intense negative
storm) to +4 (intense positive storm) in increments of 1. After obtaining the median of Dlogh and Dlogn for the eight
specified W-index segments, the least squares approximation is applied to the NmF2m and hmF2m medians of the
topside sounding data in the selected magnetic latitude ranges @ for three seasons and two levels of solar activity
SA (high solar activity, HSA, and low solar activity, LSA). Such analysis was performed to obtain regression coefficients
a and B for the ranges of magnetic latitudes, for specific seasons and solar activity conditions (Gulyaeva, 2012).
Procedures for implementation of Egs. (3) and (4) for the proxy foF2 and hmF2 are incorporated in IRI-Plas code
which can be retrieved from https://www.izmiran.ru/ionosphere/weather/grif/SPIM/.

Since the CCIR, GMF2 and GTEC models together with IRI-Plas are involved in specifying the median quiet-time
conditions, we will compare the results of the foF2, hmF2 and TEC models with the ‘true’ median of GIM-TEC and
the ‘true’ median of the ionosonde data at the network of stations shown in Fig. 2.

The ionosonde data are retrieved from the University of Massachusetts, Lowell, GIRO Digital lonogram Database
at https://giro.uml.edu/didbase/scaled.php. Validation of foF2 and hmF2 is made for the local time 00,01, ..., 23 h LT.
We produced the monthly median from the daily-hourly data foF2 and hmF2 for each month during the year of
minimum solar activity, LSA (2019) and maximum, HSA (2024). We calculated the ‘true’ median foF2 and hmF2
for quiet geomagnetic conditions (ap < 15 nT) from 45 ionosondes located around the world, according to the


https://www.izmiran.ru/ionosphere/weather/grif/SPIM/
https://giro.uml.edu/didbase/scaled.php.

Ionosphere Climatology 2D Models

lonosonde stations

T o
— Eema—
80 = e S e, e &%mﬂh 4
Yo g Wy L o
60 7 o ey ¢ ~ A
s ¢ ) R A e

7 ,,-ﬁao

[} £
= =
%
>
wh i
3
rC:f
]
(]
1
|
ol
]
1
I
I
ol

Latitude, deg.
R
(=] (=]

FS
=)

[
[=2]
[=]

-]
=)

150 200 250 300 350
Longitude, deg.

o
[
o
—
=]
=

Figure 2. Location of the 45 ionosondes that provided foF2 and hmF2 data for IRI-Plas validation.

conditions adopted in the construction of GMF2 models. The geomagnetic dip equator is shown as a solid line in
Fig. 2. In addition, the magnetic latitudes @ = +30° shown in dashed lines are separating the mid and low latitude
regions for which the RMS is calculated. The monthly medians are compared with the model predictions of the
quiet time foF2 and hmF2.

We examine the global performance of the F2 layer peak parameters — foF2 and hmF2 — with three implementations
of the IRI-Plas peak model of the F2 layer: CCIR, GMF2 and GMF2cor. Comparison of the IRI-PLas ‘model’ with
the ‘true’ median foF2 and hmF2 from the ionosonde observations is made using Egs. (1) and (2) for each month at
low solar activity, LSA (2019) and high solar activity, HSA (2024). The ionosonde stations in Fig. 2 are distributed
throughout the world at different latitudes and longitudes. Therefore, the F2 layer peak parameters for these locations
can be used to construct the dependence on latitude and local time LT. The input data and modeling results are also
binned in two latitudinal zones — middle and low latitudes separated by geomagnetic latitudes @ = +30°, and two
levels of solar activity - the solar minimum (2019) and maximum (2024). Results of the comparison are provided in
the next Section.

3. Results

A realistic ‘true’ monthly median TECobs characterizing quiet time ionosphere plasma behavior is calculated
from the UQRG GIM-TEC daily-hourly map set for the selected month. The standard RMS difference between the
UQRG TECobs and the IRI-Plas GIM TECm or GTEC model TECmod is examined for each UT hour (Eq. (1), N=5183
for the GIM pair).

The IRI-Plas mode of operation producing the median TEC using CCIR and/or GMF2 model (foF2 and hmF2) and
the independent GTEC model are shown in Fig. 3. The RMS deviation from the monthly median ‘true’ UQRG GIM
is calculated using Eq. (1) from 0 to 23 hours UT for December, 2024 (HSA, the recalibrated 12-month smoothed sunspot
number SSN2;, = 140). The IRI-Plas results are plotted for the following selection of the F2 layer peak parameters:
(1) CCIR foF2 and M(3000)F2 converted to hmF2 (IRIP-CCIR, cyan), (2) GMF2 foF2 and hmF2 (IRIP-GMfh, blue),
(3) GMF2 foF2 and CCIR M(3000)F2 converted to hmF2 (IRIP-GMf, red), (4) CCIR foF2 and GMF2 hmF2 (IRIP-GMh,
green). The deviation of the IRI-Plas (1)-(4) sequence from the‘true’ GIM-TEC UQRG data shows an RMS in the
range 6.5 to 10.5 TECu which exceeds by about a factor of 2 the RMS of TECmod for GTEC model, varying in the
range 4.6 to 7.0 TECu (GTEC, black, diamond). Note that the GTEC model was built from Jet Propulsion Laboratory,
JPL, GIM-TEC database (Shubin and Gulyaeva, 2022), while GTEC is compared here with the median GIM-TEC of
UQRG. So, RMS obtained here with GTEC ‘model’ ~ ‘truth’ comparison can include both GTEC model errors and
the difference between JPL and UPC ‘truth’ ~ ‘truth’ data pairs of GIMs It should be noted that the global GTEC
model based on JPL GIM-TEC ionospheric maps, as well as UQRG maps, incorporate inherent errors associated
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Figure 3. RMS results for different options of the IRI-Plas TECm and GTEC model compared with the monthly ‘true’ median
of the UQRG GIM-TEC.

with the mapping process itself, which include the conversion of oblique TEC (STEC) to vertical TEC, the specific
mapping and interpolation algorithms used, and the data quality/coverage issues (Hernandez-Pajares et al., 2009;
Roma-Dollase et al., 2017).

The ability to assimilate GIM-TEC using IRI-Plas technology is illustrated in Fig. 4. Similar to setting the Ne(h)
IRI-Plas profile to instant TEC (Egs. 3 and 4), we apply the TEC from the GTEC model to update the F2 layer peak
parameters with the IRI-Plas model. RMS difference between TECm model and UQRG monthly median TECobs (Eq. (1),
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Figure 4. RMS deviation of the CCIR, GMF2 and GMF2cor options of the IRI-Plas TECm and GTEC ‘model’ from the GIM-TEC
UQRG ‘true’ monthly median. (a) March 2015; (b) September 2019; (c) March 2024; (d) June 2024.
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N = 5183 for each UT hour) is shown in Fig. 4: (a) March 2015 (HSA, SSN2;, = 82); (b) September 2019 (LSA,
SSN21y = 3); (c) March 2024 (HSA, SSN2;, = 141); (d) September 2024 (HSA, SSN2, = 144). As in Fig. 3, the RMS for
the median TECm from IRI-Plas CCIR in Fig. 4 (IRIP-CCIR, cyan) and IRI-Plas GMF2 (IRIP-GMF2, blue) is greater than
the RMS for the GTEC median (GTEC, brown, diamonds) in all cases. The RMS of the GTEC ‘model’ ~ ‘truth’ GIM varies
from 1.5 TECu (panel (b), LSA) to ~7 TECu (panel (c), HSA). When the median GTEC is assimilated by IRI-Plas (Egs. (3)
and (4)) the synthesized values of foF2cor, hmF2cor and TECcor (IRIP-GMF2cor, black) are obtained. The results of
TECcor with GTEC adjustment in the IRI-Plas are very close to the original GTEC median (RMS < 1 TECu). Thus,
the close alignment of IRI-Plas results with GTEC input data justifies the assumption that the knowledge of the TEC
variability can predict the approximate variability of NmF2 (~foF2) and hmF2 (Egs. (3) and (4)).

The daily variation characteristics of the global median foF2 and hmF2 calculated for the two levels of solar
activity for the ionosonde collection shown in Fig. 2 are presented in Fig. 5a-b. Here, the ‘truth’ ionosonde data and
the three simulations (CCIR, GMF2 and GMF2cor) of critical frequency (Fig. 5a) and peak height (Fig. 5b) are for
December 2024 (HSA, solid curves) and December 2019 (LSA, dotted curves). The diurnal variation of the foF2 shows
an increase in peak plasma density by noon with increasing solar irradiance, while the peak height shows growth by
nighttime due to electrodynamical uplift of the ionospheric plasma. The magnitude of both the critical frequency
and peak height is greater at the solar maximum than at the solar minimum.

The global distribution of foF2 critical frequencies is shoen in Fig. 6a-d in the local time LT and latitude
¢ frame. Fig. 6a shows an example of the daily variation in ‘true’ median foF2obs observed by ionosonde for
December 2024 (HSA). The CCIR foF2 in Fig. 6c is constructed in the same way. The GMF2 foF2 model is shown
in Fig. 6b, and GMF2cor proxy foF2 upgraded with GTEC model (Eq. 3) — in Fig. 6d. All results demonstrate
a typical diurnal foF2 change increasing by noon, and a latitudinal increasing trend towards Equatorial Ionization
Anomaly (EIA). The best correspondence to the ‘true’ data (Fig. 6a) is acheaved by GMF2 model (Fig. 6b). Their
quantitative comparisons will be discussed below.

The hmF2 peak height resultsResults of the peak height hmF2 are shown in Fig. 7a-d similar to Fig. 6a-d. Thedaily
variation of the ‘true’ median hmF2obs observed by the ionosonde for December 2024 (HSA) is shown in Fig. 7a in the
latitude ¢ and local time LT frame. Model hmF2 derived from CCIR M(3000)F2 maps are shown in Fig. 7c. The GMF2
model hmF2 is shown in Fig. 7b, and the GMF2cor proxy hmF2 updated after GTEC assimilation (Eq. 4) shown in
Fig. 7d. Unlike foF2 changes, the daily variation in hmF2 does not tend to increaseanywhere by noon except for
the EIA region. In general, hmF2 increase by night worldwide with particular increases by dusk and night time

(a) Global median Dec 2024 & 2019
12 T ] [——
L CCIR
10 - —+—GMF2
8 4 —=— GMF2cor

foF2, MHz

=
- =
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Figure 5. Diurnal variation in global median F2 layer peak parameters at solar minimum (2019) and solar maximum (2024):
(a) foF2; (b) hmF2.
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Figure 6. Diurnal - latitudinal variation of the critical frequency foF2 in December 2024: (a) observed median at
45 ionosonde stations; (b) GMF2 model; (c) CCIR model; (d) GMF2 foF2cor model produced by IRI-Plas with
GTEC assimilation GTEC (Eq. 3).

near EIA. Again, the better correspondence to the ‘true’ data (Fig. 7a) is obtained with the GMF2 model (Fig. 7b).
RMS quantitative results (Eq. 1) for the data pairs ‘truth’ ~ ’model’ for all months of 2019 (LSA) and 2024 (HSA) are
presented in Fig. 8, their percentage deviation PRMS (Eq. 2) in Table 1, and RMS for mid and low latitudes in Fig. 9.

RMS between ‘true’ median foF2obs at 45 selected stations for 24 LT hours each month (Eq. (1), N = 45 x 24 = 1080)
and the ‘proxy’ model foF2 is shown in Fig. 8a, c¢ (left panels). RMS between ‘true’ median hmF2obs and the ‘proxy’
hmF?2 is shown in Fig. 8b, d (right panels). The LSA (2019) data is in the lower panels and HSA (2024) data in the
upper panel. Results for GMF2 (red), GMF2cor (yellow) and CCIR (cyan) show less RMS at GMF2 or GMF2cor in
all cases for LSA, except for a few cases with few cases where CCIR results show less RMS for the F2 layer peak
density (critical frequency) and height at HSA. Note that RMS < 0.9 MHz is observed for foF2 at LSA (Fig. 8c) but
alarger RMS < 1.5 MHz is obtained at HSA (Fig. 8a), similar to large absolute values of the global median foF2 (Fig. 5a)
at the solar maximum. At the same time, the RMS for hmF2 varies from 20 to 50 km in magnitude at the both levels
of solar activity (Fig. 8b and 8d). Since the absolute values of the hmF2 increase from the solar minimum to the
maximum (Fig. 5b), we will consider the percentage deviation, PRMS (Eq. 2) month-to-month in Table 1.

Table 1 includes monthly PRMS results for the ‘true’ ~ ’proxy’ foF2 pairs (columns 2-4) and hmF2 (columns 5-7)
for 2024 (HSA) and 2019 (LSA). Minimum PRMS for GMF2, GMF2cor and CCIR are shown in bold on a yellow
background. GMF2 surpass CCIR for all months at a solar minimum (2019) in both foF2 and hmF2 characteristics.
GMF2 and GMF2cor outperform CCIR during most months of the solar maximum (2024), but there are PRMS
minima with CCIR for foF2 in April and May 2024, and in July and August 2024 for hmF2. We obtained the smallest
PRMS for foF2 deviation from the ‘true‘ ionosonde’s data 8.5% (GMF2, LSA) and 8.2% (GMF2cor, HSA) for the foF2
model, and 9.5% (GMF2cor, LSA) and 4.7% (GMF2, HSA) for the hmF2 model.

RMS between ‘true’ median foF2obs at 45 selected stations for 24 LT hours each month (Eq. 1) and the ‘proxy’
model foF2 is shown in Fig. 9a, c (left panels). RMS between ‘true’ median hmF2obs and the ‘proxy’ hmF2 is shown in
Fig. 9b, d (right panels). The LSA (2019) data is in the lower panels and HSA (2024) data in the upper panel. Similar
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Table 1. PRMS (in percent, %) differences in the GMF2, GMF2cor and CCIR models from the ‘true’ monthly median foF2

and hmFE2 of the ionosonde data.

HSA 2024 GMfoF2 GMfoF2cor CCIRfoF2 GMhmF2 GMhmF2cor  CCIRhmF2
January 9.6 15.5 13.2 4.7 9.5 8.0
February 9.3 11.1 12.8 6.0 8.5 8.0
March 10.8 8.2 11.9 7.9 7.6 8.5
April 10.6 9.5 8.6 12.4 11.6 11.7
May 10.3 9.5 8.5 8.9 7.5 7.6
June 8.5 8.3 10.6 6.3 71 6.5
July 8.8 12.4 12.1 6.6 7.2 6.4
August 10.5 12.8 13.4 7.5 6.8 6.2
September 8.8 12.9 12.6 5.3 6.7 5.7
October 10.1 12.6 10.2 5.3 8.7 7.0
November 13.4 9.4 9.5 6.3 7.8 7.0
December 11.6 10.4 10.6 5.4 8.9 7.5

LSA 2019 GMfoF2 GMfoF2cor CCIRfoF2 GMhmF2 GMhmF2cor  CCIRhmF2
January 11.3 13.2 15.7 9.7 15.0 12.9
February 11.2 12.7 14.1 10.8 15.2 14.4
March 10.9 11.6 14.8 10.5 14.1 13.7
April 8.5 10.5 10.3 9.5 11.9 12.3
May 9.2 11.7 10.1 9.5 11.8 11.7
June 8.6 12.6 12.6 9.9 12.2 12.1
July 9.5 11.7 10.7 10.0 13.1 12.9
August 9.3 11.4 10.7 9.2 13.1 12.2
September 11.1 12.2 12.8 10.4 13.8 14.0
October 9.0 12.8 13.6 9.9 16.6 14.5
November 11.8 14.9 16.4 10.2 18.0 14.1
December 11.1 13.4 17.3 10.0 17.0 11.2
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(c) foF2,2019; (d) hmF2, 2019.

to global results in Fig. 8c, d, results of Fig. 9c, d show less RMS at GMF2 in all cases for LSA (2019). The results
for HSA in Fig. 9a, b show few cases where CCIR results show less RMS for the F2 layer critical frequency and peak
height. In particular, the advantage of CCIR results for foF2 in April and May 2024 and hmF2 in July and August 2024
is observed in both latitudinal regions. In most cases, we observe higher RMS values for low latitudes than for middle
latitudes, which is associated with higher absolute values of observed foF2 and hmF2 in subequatorial regions, as
seen in Figs. 6 and 7. Possible explanations for the discrepancies between the GMF2 and CCIR model results will be
discussed in the next section.

4. Conclusions

CCIR maps of foF2 and M(3000)F2 are used in the International Reference Ionosphere, IRI, and IRI-Plas model
to reproduce foF2 critical frequency, peak height hmF2, 3D ionosphere spatial structure and total electron content,
TEC. In this work, for the first time, we are implementing global 2D models - GMF2 of foF2, hmF2 and GTEC
maps — in conjunction with the IRI-Plas model for median prediction of foF2m, hmF2m, Ne(h)-profile, and TECm at
altitudes between 65 km and 20000 km (GNSS orbit). IRI-Plas assimilation of TEC data to upgrade the F2 layer peak
parameters is discussed in Eq. (3) and (4). Adjusting the TEC results obtained with IRI-Plas model using the F2 layer
peak parameters foF2 and hmF2 from the GMF2 model to the global total electron content GTEC model yields a new
set of adjusted IRI-Plas output parameters — foF2cor, hmF2cor, Ne(h)cor profile and TECcor.

We examined three implementations of IRI-Plas with the F2 layer peak parameters — CCIR, GMF2 and
GMF2cor (aligned with GTEC model). First of all, we compare the IRI-Plas TEC results at different combinations
of the F2 layer peak indices with measured ‘true’ data of UQRG GIM-TEC to assess reliability of the IRI-Plas TEC
predictions. We obtain the RMS deviation of the different IRI-Plas options using CCIR and GMF2 maps from UQRG
‘true’ GIM-TEC data varying from 6.5 to 10.5 TECu which exceeds by about a factor of 2 the RMS of TECmod for
GTEC model, varying from 4.6 to 7.0 TECu.
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We then evaluate the sequence of CCIR, GMF2 and GMF2cor options in IRI-Plas using ‘true’ foF2 and hmF2
ionosonde data to assess their efficiency at low solar activity, LSA (2019) and high solar activity, HSA (2024)
worldwide. The evaluation is carried out using data from 45 ionosondes located at different latitudes and longitudes
so comparisons have been made between the characteristics of IRI-Plas with solar activity, latitude and local
time. Overall, the GMF2 and GMF2cor results are found to be superior to the foF2 and hmF2 CCIR model observed in
RMS and percentage PRMS compared to the ionosonde observations. GMF2 more accurately captures the variation
in foF2 and hmF2 in all months of low solar activity (2019) and in most cases high solar activity (2024).

The difference in specific months in the HSA is explained by differences in the source databases used in the
construction of global models. While the CCIR model was constructed from ionosonde data for HSA (1957-1958) and
LSA (1964), GMF2 models are based primarily on RO observation during 2001-2022 (75% foF2 and 92% hmF2), with
the remaining data (25% foF2 and about 8% hmF2) of ionosonde observations during 1958-2022. Our comparisons
here with ionosonde data suggest a difference between RO observations of F2 peak parameters and ionosonde
measurements, in particular, during high solar activity, when different processes in the ionosphere are amplified.
Thus, based on our results, we recommend the GMF2 foF2 and hmF2 to be default options in IRI and IRI-Plas models
rather than the CCIR prediction.

We emphasize that the above results are obtained when comparing the monthly median ‘model’ ~ ‘truth’ data in
accordance with the projectfor constructing the empirical models of IRI and IRI-Plas. To meet the demand for various
operational goals, a step forward is the task of obtaining instant proxy foF2 and hmF2 using IRI-Plas adjustment of
the median F2 layer peak parameters to the observed instant GIM-TEC. A detailed study of the simulation of the
instant ionospheric state under quiet and perturbed conditions presents a challenge for a special investigation.

Data availability statement. UQRG GIM-TEC data can be downloaded at ftp://cddis.gsfc.nasa.gov/gps/products/ionex/,
data GIRO at https://giro.uml.edu/didbase/scaled.php and the sunspot numbers at https://www.sidc.be/SILSO/home.
IRI-Plas code is provided by IZMIRAN at https://www.izmiran.ru/ionosphere/weather/grif/SPIM/.
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