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Abstract

The International Reference Ionosphere is the international standard for Earth’s ionosphere and 
recognized as such by the International Standardization Organization (ISO), the Committee on Space 
Research (COSPAR), the International Union of Radio Science (URSI) and many other organizations. 
This paper gives a brief introduction of the IRI model highlighting the many uses of the model in 
many different fields of theoretical and applied sciences and the ongoing efforts to upgrade the 
climatological IRI model to real-time conditions with updating indices or by assimilating data into 
the background IRI. The main part of the paper reviews the recent improvements and evaluations 
of the IRI topside electron density model and presents a new model option for extending IRI to 
plasmaspheric altitudes. At the heart of this new option is the use of existing empirical plasmasphere 
models and the Booker (1977) approach that has so successfully been applied in IRI for modelling 
the plasma temperatures and ion composition. Three empirical plasmasphere models are evaluated 
as candidates for this extension option: Carpenter and Anderson (1992), Gallagher et al. (2000), and 
Ozhogin et al. (2012).
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1. Introduction

With more and more of our daily life depending so much on space technology it is critically important to have 
an accurate and reliable representation of the Earth’s geo-space environment. The ionosphere is a particularly 
important part of geospace, because any technique that uses a probing signal travelling through these regions 
needs to account for the retarding and refractive effect that these regions impose on the signal. The International 
Reference Ionosphere (IRI) has become the internationally accepted standard for Earth’s ionosphere and is 
recognized as such by many international organizations including the Committee on Space Research (COSPAR), 
the International Union of Radio Science (URSI), the International Standardization Organization (ISO) to name just 
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a few. The model describes the global variation of electron and ion densities and temperatures in the altitude range 
from about 60 km to 2000 km; the latest version (IRI-2020) also includes an extension of the electron density into 
the plasmasphere. Additional parameters were added in response to user requests including the vertical electron 
content (vTEC), the equatorial ion drift, the occurrence probability of spread-F, auroral boundaries, and the ratio 
between plasma frequency and gyro frequency. IRI is the result of several decades of international collaborations 
in the framework of a project jointly sponsored by COSPAR and URSI. The over 60 experts in the IRI Working Group 
represent different countries, different measurement techniques, and different aspects of the modelling problem. 
The global distribution of the membership roster shown in Fig. 1 helps to provide access to the global ionospheric 
data base for IRI modelling. COSPAR and URSI requested that IRI should be a data-based model, so that it would 
not depend on the evolving theoretical understanding of the ionospheric processes but on the accumulated data 
base of ground and space observations of ionospheric parameters. Over time and as new data sets became available 
the model was steadily improved and new versions were released at regular intervals (Rawer et al., 1978a; Bilitza, 
1986, 1990, 1997, 2001; Bilitza and Reinisch, 2008; Bilitza et al., 2011, 2014, 2017, 2022). The IRI project also played 
an important role in recovering and analyzing older data sets (Benson and Bilitza, 2009) and in helping to resolve 
discrepancies between simultaneous ground and space measurements to establish the most reliable data foundation 
for IRI (Rawer, 1974).

Figure 1. List of IRI Working Group members consisting of 66 experts representing 27 countries.

When COSPAR initiated the IRI project its prime interest was in a general description of the ionosphere as part of 
the terrestrial environment for the evaluation of environmental effects on spacecraft and experiments in space. URSI 
joined the project with the goal to establish a reference model for defining the background ionosphere for radiowave 
propagation studies and related applications. But meanwhile IRI is used for a much wider range of applications as is 
documented by the large number of IRI citations (253 in 2023) in a wide range of journals covering different areas 
of science and engineering. Figure 2 lists the journals that have carried papers referencing IRI for their reported 
study. The journals are loosely grouped into several areas of specialization. Their number has increased from 62 in 
2021 to 94 in 2024, clearly indicating the growing number of studies and applications across many disciplines that 
require a specification of the ionospheric environment and that are relying on the IRI model to provide it.

IRI, of course, is not the only model for the ionosphere and there have been quite a number of studies comparing 
the performance of the different models using a variety of test data and performance measures. The most extensive 
assessment and evaluation of different models was done by Shim  et al.  (2011, 2012, 2014, 2017, 2018) in the 
framework of the CEDAR Electrodynamics Thermosphere Ionosphere 1 (ETI) Challenge for Systematic Assessment 
of Ionosphere/Thermosphere Models; CEDAR is the Coupling, Energetics and Dynamics of Atmospheric Regions 
Program funded by the US National Science Foundation. These studies stand out because they were done by an 
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independent team, while many of the other ones were performed by a specific modelling team, often finding their 
model to be the best performing. They are also quite special because the number of models covered was larger 
than in most other performance comparisons and including empirical, theoretical as well as assimilative models. 
IRI did very well in these assessment studies. If not first than second or third in all events and cases considered 
using a variety of performance measures and skill scores. Recently, this effort continued with the validation study 
by Chou et al. (2023), who compared the measured and modelled total electron content (TEC) in the equatorial 
ionosphere during the 2013 March and 2021 November geomagnetic storms including empirical, physics-based, 
and data assimilation models (14 models in all), hosted by the NASA/NSF Community Coordinated Modeling 
Center (CCMC), NOAA Space Weather Prediction Center, and NASA Jet Propulsion Laboratory (JPL). They find that 
“GloTEC, JPL GIM, and IRI-2016 are the top three ionospheric models during the 2013 March and 2021 November 
storms” with an “important caveat: GloTEC and JPL GIM are not independent of the Madrigal TEC. Thus, GloTEC 
and JPL GIM are expected to perform better than other models.” Therefore, IRI did again very well in this most 
recent assessment study being one of the top performers. The great success of IRI has led to several modified IRIs. 
Gulyaeva and Titheridge (2006) extended a modified IRI topside profile into the plasmasphere calling the model 
IRI-Plas. A regional update of the IRI model with data collected by a European ionosonde network, called IRI UP, was 
proposed by Pignalberi et al. (2018a,b). The DeepIRI (Ji et al., 2020) is based on conditional Generative Adversarial 
Networks trained with 48,901 GNSS TEC maps from 2001 to 2011.

IRI is a climatological model describing the spatial and temporal variations of monthly averages of the most 
important ionospheric parameters: electron density, ion composition (O+, H+, He+, N+, O2

+, NO+, Cluster ions), 
electron, ion and neutral temperature. Additional parameters are the ion drift at the magnetic equator, the occurrence 
probability of spread-F and of an F1-layer, and auroral boundaries and their dependence on magnetic activity. IRI 
also provides the total electron content (TEC) between user-specified upper and lower boundaries and most recently 
has added the ratio of plasma frequency to electron gyro frequency, an important parameter for whistler mode waves 
and for defining energy and frequency ranges of effective wave-particle interactions. The occurrence probability for 
a sporadic-E layer is the next parameter in line to be added to the IRI output.

With the increased need for accurate information about the real-time ionosphere, many studies have investigated 
different methods to bring IRI closer to real-time conditions. There are two main approaches: (1) Adjusting the 

Figure 2. �The long list of Journals (94 in all) that have included articles acknowledging the use of the IRI model for their 
reported study. They are grouped into different areas of specialization.
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internally used drivers (solar, ionospheric, or magnetic indices) so that the IRI F2-peak or IRI TEC values agree 
with measured values. (2) Using a mathematical technique (Kalman Filter, variational methods) for assimilating 
measurements into the background IRI model. Tables 1 and 2 list some of the studies applying the adjustment 
and assimilation techniques, respectively. A comprehensive review of the adjusting approach  (1) was given by 
Pignalberi et al. (2018a, b).

In the following sections this paper discusses the recent improvements and assessments of the IRI topside electron 
density profile and presents an extension of the IRI profile to plasmaspheric heights with the help of available 
empirical plasmasphere models. A reliable description of these two regions is critically important for the many 
space technology applications that use radio waves travelling through all or part of the ionosphere-plasmasphere 
environment.

2. Improvements of the IRI Topside Electron Density Profile

The topside ionosphere is the region from the point of highest density, NmF2, to the top of the ionosphere at 
about 2000 km. An accurate representation of the electron density in this region is of particular importance because 
it contains the largest densities and therefore causes the largest effects on the transversing waves that so many 
space technologies are using. But density measurements in this region are much fewer than below NmF2, because 
the ever-increasing network of ground-based ionosondes can only measure up to NmF2. The incoherent scatter 

Reference Indices 
adjusted Parameter Data source Notes

Bilitza et al. (1997) IG12 foF2 Global ionosonde network
Ionospheric corr. for Geosat 
altimeter

Komjathy et al. (1998) IG12 vTEC* GPS TEC map
Altimeter ionospheric delay 
corrections

Hernández-Pajares et al. (2002) IG12 sTEC** GPS station data Space weather specification

Zhang et al. (2010) Kp Auroral boundary GUVI/SSUSI data Oval crossings

Pezzopane et al. (2011) IG12 foF2, M(3000)F2 Ionosonde data
Plus assimilation of bottomside 
profiles

Migoya-Orué et al. (2015) Az vTEC GIM-TEC Interpolation between grid points

Ssessanga et al. (2015) R12 and IG12 vTEC South-Korean TEC data Correlation between vTEC and foF2

Habarulema and Ssessanga 
(2016)

R12 and IG12 vTEC African TEC data Regional update for Africa

Pignalberi et al. (2018a,b) IG12, R12 foF2, M(3000)F2 Ionosonde data
Kriging interpolation between 
stations

Brown et al. (2018)
Hemispheric 
monthly IG

foF2 Ionosonde network IG-CCIR and IG-URSI

Pignalberi et al. (2024a) IG12 foF2 and TEC
Ionosonde and IONORING 
TEC

Regional update for Italian region

* vTEC = vertical total electron content;  ** sTEC = slant total electron content along ray path.

Table 1. Studies that have updated IRI by adjusted indices to observations.
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radars are able to measure topside electron densities but only a very small number of such radars exists due to 
the high coasts and energy needs. With the advent of satellites, it became possible to carry the ionosonde above 
the F2 peak and measure densities from the satellite down to NmF2. The Aloutte 1,2 and ISIS 1,2 satellites were 
able to gather information about the topside with these ionosonde-like instruments, called topside sounders, for 
more than two solar cycles from the 1960s to the 1980s. In fact, the data base collected by far outpaced the data 
analysis capabilities at the time. Only recently with modern technology and with strong encouragement from the 
IRI team was the analysis effort taken up again and resulted in almost doubling the previously existing volume of 
topside electron density profiles (Bilitza et al., 2004; Benson and Bilitza, 2009). Numerous satellites have made in 
situ observations of the electron density in the topside ionosphere. However, in situ measurements provide the 

Reference Parameter(s) 
assimilated Data source Method Notes

Fridman et al. (2006) TEC GPS data  Tikhonov method GPSII model

Schmidt et al. (2008) TEC GNSS, TOPEX/Jason Multi-dimensional B-spline
Also Zeilhofer et al. 
(2009)

Angling et al. (2009) TEC GPS data Minimum variance technique EDAM model

Galkin et al. 
(2012 and 2020)

foF2, hmF2 GIRO ionosondes NECTAR morphing algorithm
IRI Real-Time Ass. 
Mapping (IRTAM)

Yue et al. (2012) TEC, foF2, hmF2
GNSS, Jason 1, 2, ROD* from 
CHAMP, GRACE, COSMIC, 
SAC-C, Metop-A, TerraSAR-X

Kalman filter technique
Reanalysis for 
2002‑2011

Wenjing et al. (2015) NmF2, hmF2 GNSS data
4-d variance estimation 
method

Regional modelling

Aa et al. (2016) TEC GNSS, COSMIC ROD 3-d variational technique
Regional model 
for China

Lin et al. (2017) TEC GPS, COSMIC ROD Gauss-Markov Kalman filter
COSMIC 2 
improvement

Ssessanga et al. (2019) TEC South African TrigNet 4-d var technique
Imaging region 
ionosphere

An et al. (2019) vTEC Jason-2/-3, GNSS Spherical harmonic expansion > 300 GNSS stations

Mengist et al. (2019) sTEC, NmF2
GNSS, COSMIC ROD, 
ionosondes

Ionospheric Data Ass. 4-D 
(IDA4D)

Period analyzed 
15‑18 March 2015

Jeong et al. (2022) sTEC, NmF2 GPS, COSMIC
Ionospheric Data Ass. 4-D 
(IDA4D)

Regional model South 
Korea

Lv et al. (2022) vTEC GNSS Kalman filter
For better HF 
applications

Hu et al. (2024)
NmF2, hmF2,  
B0, B1, vTEC

COSMIC 1, 2 ROD, NGDC 
ionosondes, Jason 2, 3

Spherical harmonic expansion 
for obs. hmF2, B0, B1

Optimal IG12 to to fit 
global vTEC data

Mao et al. (2024) TEC ALOS-1 SAR images
Integrating Time Series 
InSAR (TS-InSAR) with IRI

Novel TEC mapping 
method

* ROD = Radio Occultation Data.

Table 2. Studies discussing assimilative techniques with various data source and IRI as background model.
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absolute electron density while for the IRI topside profile the relative density normalized to the F2 peak density and 
height is needed. Therefore, an IRI misrepresentation of the in-situ observations can be due to the NmF2, hmF2, 
or topside model (Bilitza et al., 2012).

Because of the importance of the topside region for TEC, empirical topside modelling has been a very active field, 
a lot of it focused on the representation of the topside scale height (e.g., Stankov and Jakowski, 2006; Liu et al., 2008; 
Li et al., 2019). Some of the more recent models include the model of Prol et al. (2018) based on GPS radio occultation 
data, of Prol et al. (2019) using the Vary-Chap formalism of Reinisch et al. (2007) with topside sounder and radio 
occultation data and the Neural network-based model of Smirnov et al. (2023) trained with 19 years of GNSS radio 
occultation data. Several studies have proposed NeQuick-based topside models that will be discussed in the NeQuick 
paragraph below.

IRI offers four options for the topside profile, they are called IRI2001, IRI2001cor, NeQuick, and COR2. The 
IRI2001 option goes back to the early work of Rawer  et al.  (1978a, 1978b, 1978c) and Rawer (1984), who used 
Epstein functions for an analytical representation of the Bent et al. (1972) model. They were, however, working 
with a quite limited data base consisting only of about 40,000 Alouette-1 topside sounder profiles resulting in an 
overestimation of electron density in the upper topside by the IRI model and leading to unrealistically steep topside 
profiles especially at higher latitudes and high solar activities. Noting the limited amount of available topside 
profiles the IRI team strongly supported a data restoration project of Alouette 1,2 and ISIS 1,2 topside sounder data 
(Bilitza et al., 2004; Benson and Bilitza, 2009). With the large volume of topside sounder data that became available 
Bilitza (2004) was able to determine a correction factor for the IRI2001 topside model that lowered the IRI electron 
densities in the upper topside and thus resulted in more realistic profiles. The new option was called IRI2001cor.

The NeQuick model evolved out of a series of models developed by Radicella and Leitinger (2001) using theoretical 
considerations and relationships between profile and peak parameters established with ionosonde data. The topside 
part is represented by an Epstein layer function with varying scale height and a base scale height that is related to 
the bottomside scale height. With the help of the newly available ISIS topside sounder data the NeQuick topside 
model was upgraded to Version 2 (Coïsson et al., 2006; Nava et al., 2008) and was introduced as the NeQuick topside 
option into IRI (Bilitza and Reinisch, 2008). A number of studies have proposed further improvements of the NeQuick 
topside model. Themens et al. (2018) determined NeQuick parameters for middle and high Northern latitudes based 
on incoherent scatter radar data, Gravity Recovery and Climate Experiment (GRACE) and COSMIC radio occultation 
data, and the Alouette/ISIS topside sounder data. Pezzopane and Pignalberi (2019) used Swarm in situ measurements 
to obtain a new formulation for the NeQuick base scale height parameter H0. Pezzopane et al. (2024) continued this 
work developing a new analytic representation of H0 based on Swarm data and updated IRI maps for foF2 and hmF2. 
Singh et al. (2021) and Pignalberi et al. (2022) deduced NeQuick topside parameters from COSMIC radio occultation 
data, which could serve as input for future improvements of the NeQuick option.

Bilitza (2009) evaluated the three topside options IRI2001, IRI2001cor, NeQuick with the full Alouette/ISIS 
topside sounder data base of over 160,000 profiles. He found that overall, the NeQuick option gives the best results 
and it was implemented as the recommended IRI default option. However, he also found that IRI2001cor provides 
a more realistic representation of the altitudinal‑latitudinal structure in the equatorial ionization anomaly (EIA) 
region. With IRI2001cor the EIA latitudinal structure near the F2 peak with crests on both sides of the magnetic 
equator correctly merges into a single peak at the magnetic equator at high altitudes, while in the case of NeQuick 
the dependence of profile parameters on F2 peak parameters propagates the double-peak structure to higher 
altitudes. Pezzopane at al. (2023) discussed potential solutions to the NeQuick mismodeling problem of the upper 
EIA region.

A major new improvement cycle for the IRI topside model started when Lühr and Xiong (2010) reported that 
all three options significantly overestimated Challenging Minisatellite Payload (CHAMP) satellite and GRACE 
satellite in situ measurements during the 2008-2009 solar minimum period of cycle 23. Similar results were then 
also reported by Klenzing et al. (2011, 2013) and Bilitza et al. (2012) comparing IRI predictions to in situ data from 
the Communication/Navigation Outage Forecast System (C/NOFS) satellite. And further confirmation came from 
the study of Migoya-Orue et al. (2013) with data acquired by the Special Sensor-Ions, Electrons, and Scintillation 
(SSIES) package aboard the Defense Meteorological Satellite Program (DMSP) spacecrafts F13 and F15. The Cycle 
23 minimum was exceptional in that it reached lower values than previous minima and in that it ended in an 
extended minimum period that proved all predictions wrong. IRI was developed with data from previous cycles and 
thus lacked the ability to represent electron densities during this exceptional solar minimum. The topside profile is 
normalized to the F2 peak density NmF2 and height hmF2 and thus the misrepresentation could be caused by either 
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one or all of three models: the NmF2 model, the hmF2 model and/or the topside profile model. Bilitza et al. (2012) 
presented good evidence that the topside profile model is the major culprit with some minor impact by the hmF2 
model. Using the Alouette/ISIS topside sounder data base together with the data base of in situ measurements from 
CHAMP, GRACE, and Swarm, Bilitza and Xiong (2021) were able to determine a solar-activity dependent correction 
term for the IRI2001cor option that overcame the problem at low solar activities. With this new option, called COR2 
or IRI2001cor2, good agreement was achieved with the very low electron densities reached during the 2008-2009 
solar minimum.

An extensive validation study of the four IRI topside options was undertaken by Pignalberi et al. (2024b) involving 
comparisons with in situ observations by GRACE, by the Ionospheric Connection Explorer (ICON) and by the DMSP 
F15 satellite. Their combined data base spans the time period 1999 to 2022, covering different diurnal, seasonal, 
and solar activity conditions, on a global basis in the altitude range 400‑850 km. They find that NeQuick and 
COR2 show the best performance, with COR2 marginally better at the ICON and GRACE altitudes, 400-600 km, 
while NeQuick performs slightly better at the DMSP altitude of 830-850 km. There is room and need for further 
improvement as pointed out in this study. The COR2 option, while describing the low latitude topside with associated 
EIA phenomenology remarkably well, still shows a solar activity trend in the upper topside. The NeQuick option 
represents the lower and upper topside quite well, but still needs to counter-balance the propagation of the EIA 
features to higher altitude.

3. Extension of the IRI Electron Density Profile into the Plasmasphere

One of the most important ionospheric parameters for many space technologies is the total electron content 
(TEC) encountered by the probing radio wave travelling from satellite to ground or vice versa, because the electron 
gas delays and refracts the propagating radio wave. For the ever more important Global Positioning Satellite 
(GPS) systems the impact of TEC (between satellite transmitter and ground receiver) is the largest error source. 
If the satellite is orbiting in the plasmasphere or above then in addition to the ionospheric part of TEC (ITEC) the 
contribution of the plasmaspheric plasma to TEC (PTEC) has to be considered. GPS satellites, for example, fly at an 
altitude of approximately 20,200 km way above the plasmasphere and therefore a good knowledge of the ionospheric 
and plasmaspheric electron densities is essential. For the ionospheric part IRI is the accepted international standard 
and ITEC can be obtained by calculating and then integrating the IRI electron density values along the ray path 
from satellite to the ground.

Different methods have been used to add PTEC to the IRI-computed ITEC. Early studies just ignored the PTEC 
contribution arguing that it is negligibly small compared to ITEC. At nighttime, however, the PTEC percentage of 
TEC can reach 40-50% and even during daytime neglecting the small plasmaspheric contribution will lead to reduced 
TEC accuracy. Other studies, noting that PTEC does not show a significant diurnal variation, used a constant PTEC 
value for satellites orbiting above the plasmasphere and assumed an exponentially decreasing profile with a constant 
scale height for satellites orbiting at plasmaspheric altitudes (e.g., Bilitza et al., 1988). Extrapolating the ionospheric 
topside profile into the plasmasphere was another popular method and best results were achieved with the NeQuick 
topside formula which is also an option for IRI model users. Gulyaeva (2003) proposed an alternate IRI topside 
electron density profile by introducing an anchor point at the topside half-width, the height where Ne = 0.5 ∙ NmF2, 
and used Chebyshev functions to describe its variation with geomagnetic latitude, local time and solar activity. 
The extension into the plasmasphere of this modified IRI model was introduced by Gulyaeva and Titheridge (2006) 
and was given the name IRI-Plas. All of these methods, however, are strongly tight to the topside electron density 
profile formalism with little input and usage of measurements of the electron density at plasmaspheric heights.

Noting the importance of including observed densities the IRI team from early on encouraged the intercomparison 
of different measurement techniques as a first step (e.g., Williams et al. 1981). Rycroft and Jones (1985, 1987), 
in their studies, set out to develop a plasmasphere model specifically for IRI. Their Diffusive Equilibrium (DE) 
Model described the electron density along geomagnetic field lines based on the electron temperature model that 
Strangeway (1986) had developed with satellite observations and incoherent scatter radar data. Kimura et al. (1996) 
used a similar approach but modified the Strangeway (1986) model to obtain agreement with his Akebono wave 
data. Since than a number of empirical plasmasphere models have been developed using different modelling 
technique and different data sources. A good recent review and comparison of the different models was given by 
Ripoll et al. (2023). In the next subsection we will discuss three of the most frequently used empirical plasmasphere 
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models as potential candidates for the extension of IRI in the plasmasphere. Section 3.2 introduces our data sources 
for evaluating these models, Section 3.3 presents the results of our evaluation and Section 3.4 explains the approach 
for connecting these models to the IRI topside electron density profile.

3.1 Empirical Plasmasphere Models Evaluated in this Study

Over the last decades a number of empirical plasmaspheric models have been developed based on different 
data sources and different theoretical assumptions. Denton et al.  (2006) used a power law form to describe the 
field line plasma distribution with Polar and CRRES data. The model developed by Jakowski and Hoque (2018) with 
electron density data deduced from CHAMP-GPS measurement consists of an upper L-dependent part and a lower 
altitude-dependent part and both using an exponential decay. Zhelavskaya et al. (2017) trained a Neural Network 
with the database that they had obtained from the Electric and Magnetic Field Instrument Suite and Integrated 
Science (EMFISIS) instrumentation on the Van Allen Probe satellite with the Neural-Network-based Upper hybrid 
Resonance Determination (NURD) technique. Prol et al. (2022) used an Epstein transition function with varying 
scale height to represent the NURD density data. Combining Van Allen Probes data for latitudes below 20° with 
Arase data up to 40° for 1 < L ≤ 3, Hartley et al. (2023) developed a new electron density model with both latitudinal 
and Magnetic Local Time (MLT) dependence.

A modular approach is common to most models combining sub-models for the different distinct plasmasphere 
regions: from the inner plasmasphere to the steep gradient at the plasmapause, and the much lower densities in 
the trough region. An assessment and evaluation of these models with a set of reliable data sources is the first step 
towards implementation of one of these models into IRI.

As noted earlier the current options proposed for a plasmaspheric extension of IRI are either based on an 
extrapolation of the topside formula or are normalized to an electron density and temperature foot-point in the 
topside. It is, however, important that both regions are modelled independently with the data base available for 
each region and in a second step the models can then be merged with appropriate mathematical functions. We have 
selected three models partly because they are three of the most frequently cited plasmasphere models and partly 
because they rely on different data sources and thus give some indication of still existing uncertainties. The three 
are the models developed by Carpenter and Anderson (1992), Gallagher et al. (2000), and Ozhogin et al. (2012) and 
thus they also document the progress made in plasmaspheric modelling over these years.

The model developed by Carpenter and Anderson (1992), from now on called CA1992, is one of the first and 
most widely used empirical model for the whole plasmasphere. It combines in piecewise fashion models for the 
inner plasmasphere, the region of steep plasmapause gradients, and the plasma trough. Their model for the inner 
plasmasphere describes the exponential decrease of the equatorial electron density Ne with increasing L-value and 
includes second order terms depending on season (D = day of year) and solar activity (S = F10.7) and the falloff of 
these terms with increasing L

	  .� (1)

The model is based on electron density profiles deduced from sweep frequency receiver (SFR) radio measurements 
by the International Sun-Earth Explorer (ISEE) satellite and on previously published results from Whistler 
measurements. Variations with local time are not considered in the model, which is an acceptable assumption above 
L = 2 due to the large fluxtube electron content that will not be affected much by upward flux from the ionosphere.

Gallagher et al. (2000) also use a modular approach with their Global Core Plasma Model (GCPM) combining 
separately developed models for the plasmasphere, plasmapause, trough, and polar cap regions. In addition, they 
connect their model to IRI using exponential extrapolations from both sides and a hyperbolic tangent merging 
function. GCPM describes the plasma density, temperature and composition as a function of L-value, season, and 
magnetic and solar activity indices and relies predominantly on data from the Retarding Ion Mass Spectrometer 
(RIMS) and Plasma Wave Instrument (PWI) that flew on the Dynamics Explorer 1 (DE 1) satellite. They use the 
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formular of Carpenter and Anderson (1992) for the inner plasmasphere (Equation (1)) with coefficients for the main 
L-dependence fitted to their data base. The model, from here on called GA2000, is given by the formula:

	  .� (2)

Ozhogin et al. (2012) developed their model, from here on named OZ2012, based on density data derived from active 
sounding along magnetic field lines by the Radio Plasma Imager (RPI) on the Imager for Magnetopause-to-Aurora 
Global Exploration (IMAGE) satellite from June 2000 to July 2005. With the field-aligned RPI data it was for the first 
time possible to fully study the electron density distribution along magnetic field lines. Reinisch et al. (2004) found 
that the field-aligned density distribution can be treated neither as constant nor as a simple diffusive equilibrium 
distribution profile as in many of the earlier models including the CA1992 and GA2000 models. Instead, good 
agreement was obtained with a functional form that describes variation with the invariant latitude of the magnetic 
field line 𝜆INV, which is related to L by 𝜆INV = arc cos {sqrt(1/L)} and the magnetic latitude 𝜆 along the field line:

	  .� (3)

Ozhogin et al. (2012) used their data base also to study variations with MLT and found as expected that the MLT 
dependence becomes more pronounced for field lines closer to the ionosphere. But even for L shell values less than 
2.5 the difference between noon and midnight densities is below the data fluctuation level. They also did not observe 
significant dependence on geomagnetic and solar activity indices. But that may be possibly due to the insufficient 
data coverage at high levels of geomagnetic activity and of a full solar cycle.

It is important to note that the OZ2012 model is the only one of the three models that describes density variations 
along a magnetic field line. The other two models assume a constant electron density along a magnetic field-line. 
This makes OZ2012 quite unique compared to many of the existing plasmasphere models, as Ripoll et al. (2023) 
pointed out in their review.

3.2 Data Used to Evaluate the Plasmasphere Models

The plasmasphere like the topside ionosphere is a region where there is a urgent need for more data to cover the 
large volume in space that is taken up by this part of our planet’s plasma environment. Three data sets were used for 
this study. The main criteria for selecting these data sets were: (1) Data acquired with different techniques; (2) Data 
from different satellite missions and if possible different solar cycle periods; (3) Data that had been used in a number 
of studies and publications. Based on these criteria for our assessment study we have utilized data acquired by the 
Dynamics Explorer 1 (DE-1) satellite, the Combined Release Radiation Effects Satellite (CRRES), and the Imager of 
Magnetopause-to-Aurora Global Exploration (IMAGE). They will be introduced in more deatil in the next paragraphs.

DE-1 was launched on August 3, 1981, orbited earth in a highly elliptical orbit with an apogee of 23,289 km, 
a perigee of 567 km and an inclination of 89.9º, and was deactivated on February 9, 1991. The DE-1 data used 
here are from the Retarding Ion Mass Spectrometer (RIMS) instrument for the time period from October 8, 
1981 to December  30, 1984 including 36,302 data points. The data set is available from NASA’s Space Physics 
Data Facility  (SPDF) at https://spdf.gsfc.nasa.gov/pub/data/de/de1/plasma_rims/. It includes the densities and 
temperatures of O+, H+, He+, O++ and He++ ions and assuming charge neutrality we get the electron density by 
summing over all ion densities.

CRRES was launched on July 25, 1990 into a geosynchronous transfer orbit with a perigee of 347 km, an apogee 
of 33,293 km, and an inclination of 18.15º. Contact was lost to the spacecraft on October 12, 1991. Electron density 
data were obtained by the onboard Plasma Wave Experiment of Anderson et al. (1992). For our assesment we used 
CRRES electron density data from the time period August 19, 1990 to October 12, 1991 comprising of 2,645,855 

https://spdf.gsfc.nasa.gov/pub/data/de/de1/plasma_rims/
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data points. The data set was provided by M. Moldwin and can be accessed at the University of Michigan Deep Blue 
Data repository (Moldwin, 2024).

The IMAGE satellite was launched on March 25, 2000 into a polar orbit with a perigee of 1000km and an apogee 
of 46,004 km and unexpectedly ceased operation in December 2005. Our third data set are the electron density data 
obtained by the Radio Plasma Imager (RPI) onboard the IMAGE satellite. But these are not the field-aligned data that 
were used for developing the Ozhogin et al. (2012) model. For the assessment we make use of the passive electron 
density measurements that were determined in situ from the RPI dynamic spectra. The data set covering the time 
period from January 1, 2001 to December 18, 2005 and consisting of 204,786 data points was obtained from SPDF 
(https://spdf.gsfc.nasa.gov/pub/data/image/rpi/rpi_Ne_fp_along_orbit/). A detailed description of how the data were 
determined is given by Webb et al. (2010).

3.3 Model Assessment

For assessing the performance of the three plasmasphere models with the three data sets, we first need to 
determine the subset of each data set that is within the plasmasphere. All three satellites were highly elliptical and 
therefore spend only parts of their orbits in the plasmasphere. For the lower boundary we selected 2000 km, which 
is the top of the core IRI model. The outer boundary of the plasmasphere is the plasmapause, where the electron 
density drops dramatically by at least half an order of magnitude. We use the data acquired up to this boundary 
for our assessment. Quite a number of models have been developed for the location of the plasmapause, mostly 
depending on MLT and L and based on data from a specific satellite instrument. Comparisons and reviews of the 
different models can be found in Pierrard et al. (2021) and Guo et al. (2021). One of the earliest and often used 
model for the location of the plasmapause is the one introduced by Carpenter and Anderson (1992) as part of their 
plasmasphere model

	 � (4)

Here Lpp is the L-value of the plasmapause field-line and Kpmax24 is the maximum Kp index observed during the 
previous 24 hours. For this study the plasmapause model of Moldwin et al. (2002) was used that is based on one of 
the data sets used for our model assessment, the CRRES/PWR data. With this large data base, they were able to fit 
formula (4) to the data in different time zones obtaining

	   for LT = 21:00‑03:00  midnight� (5a)

	   for LT = 03:00‑09:00  dawn� (5b)

	   for LT = 09:00‑15:00  noon� (5c)

	   for LT = 15:00‑21:00  dusk� (5d)

The model describes the most persistent variation patterns of the plasmapause including the increase with 
decreasing magnetic activity and the dusk sector bulge that rotates towards noon with increasing geomagnetic 
activity. There is significant variability in the location of the plasmapause. The average standard deviation noted 
by Moldwin et al. (2002) is LSD≈ 0.7 and the correlation is as low as 0.26 for the dusk period and the highest (0.7) for 
dawn and noon. These uncertainties will only have a minor effect on the data selection for the model assessment, 
but they will make it difficult to construct an IRI electron density profile with the steep plasmapause drop at the 
correct location.

https://spdf.gsfc.nasa.gov/pub/data/image/rpi/rpi_Ne_fp_along_orbit/
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With the data sets limited to the plasmasphere region we have produced plots that show the distribution of the 
percentage difference between data and models. In Fig. 3 the distributions for all three plasmasphere models are 
displayed for the CRRES PWE data set, which consisted of 533,988 data points within the plasmasphere. The x‑axis is 
divided into 10% bins and the y-axis shows how many data-model errors were sampled in each bin. For example, if we 
look at the 0-10% error bin in Fig. 3, the CA1992 model is representing about 40,000 data points with this percentage 
accuracy, the OZ2012 for about 38,000 data points, and the GA2000 only for about 22,000 data points. Also listed 
are the medians and standard deviations and the percentage bins where each distribution peaks. CA1992 is the best 
performer slightly better than the OZ2012 model, while the GA2000 model lags behind the other two. The same order is 
also documented by the medians, the standard deviations, and the percentage maxima. The medians and distributions 
indicate that GA2000 clearly underestimates the CRRES data while CA 1992 and OZ2012 slightly overestimate the data.

Figure 3. �Percentage error distribution between the CRRES PWE data and the three models: Gallagher  et al.  (2000), 
Ozhogin et al. (2012), and Carpenter and Anderson (1992). A point (x,y) on the curves indicates the number of 
cases (y) with a percentage error of x ± 5%. Also listed are the medians, standard deviations and peak percentages 
for all three models. The total number of data points within the plasmasphere is 533,988.

Figure 4 presents the percentage error distributions for the IMAGE RPI data consisting of 56,129 plasmaspheric 
data points. The OZ2012 shows the best performance as documented by the distribution as well as the medians and 
peak percentages. This, of course, could be expected, because RPI data were used for the OZ2012 model development. 
But one has to keep in mind that these are two different RPI data sets. Ozhogin et al. (2012) used the data obtained 
from soundings along field lines for their model development, while the assessment data are obtained from the 
in-situ measurements along the spacecraft orbit. OZ2012 slightly overestimates the data, while the other two 
underestimate the RPI data with the GA2000 median lower than the CA1992 median.

The assessment distributions with the DE-1 RIMS data are shown in Fig. 5. The limitation to below the 
plasmapause reduced the number of data points to 24,119, an order of magnitude smaller than the data volume 
available from CRRES/PWE and a factor of two smaller compared to the IMAGE/RPI plasmasphere data set. For 
CA1992 and OZ2012 the error distributions show a peak structure somewhat similar to the ones seen in Figs. 4 and 5. 
For GA2000 the distribution is relatively flat with a small peak at –5%. The standard deviations for all three models 
are large than for the other two data sets indicating that all three models have problems representing this data set. 
This is a somewhat surprising result for the GA2000 model, because the DE-1/RIMS data were an important part 
of the data foundation for this model. The disagreement of GA2000 with the RIMS data may be due to the fact that 
we only use the main plasmasphere part of the GCPM and not the other parts. At lower altitudes the connection 
region to the IRI topside profile will lead to difference between the GCPM prediction and the GA2000 model that 
we are using and could possibly lead to better agreement with the RIMS data. And the same is true for the upper 
part where the GCPM internally models the plasmapause region, which could lead to differences between the GCPM 
values and our GA2000 values and thus also affect the data-model comparison outcome. All three distribution show 
a much slower drop-off at negative percentages than for the other two data sets which also points to the difficulty 
all three models have with this data set.
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A common feature that can be seen for all three models with all three data sets is the asymmetry of the distribution 
of percentage residuals, with a much longer tail in the negative part of the distribution. This indicates a systematic 
overestimation of all three data sources by all three models and is also documented by the mostly negative median 
values. This could be due to shortcomings of the models or to problems of the data sets. Since the three data sets 
were obtained with different measurement techniques on different satellites an error source common to all three 
seems unlikely. The three models, on the other hand, are all using the mathematical formalism introduced by 
Carpenter and Anderson (1992) for describing the dependence on L. They assume a linear relationship between the 
decadic logarithm of the electron density and the L value (Formula (1)). This is a relatively good approximation for 
the average across many profiles as the corresponding figures in all three model papers show. The two other models 
use the same relationship but obtain different regression parameters when fitting the formula to their data sets 
(Formulas (2), (3)). The need for different parameters could be due to spatial or temporal biases of the satellite data 
set that was used for developing a specific model. It could also indicate that the Carpenter-Anderson formula misses 
additional dependencies that could explain the variation in the regression parameters between the different models.

Figure 4. �Percentage error distribution between the IMAGE/RPI data and the three models: Gallagher  et al.  (2000), 
Ozhogin et al. (2012) and Carpenter and Anderson (1992). A point (x,y) on the curves indicates the number of 
cases (y) with a percentage error of x ± 5%. Also listed are the medians, standard deviations and peak percentages 
for all three models. The total number of data points within the plasmasphere is 56,129.

Figure 5.�Percentage error distribution between the DE-1 RIMS data and the three models: Gallagher et al.  (2000), 
Ozhogin et al. (2012) and Carpenter and Anderson (1992). A point (x,y) on the curves indicates the number of 
cases (y) with a percentage error of x ± 5%. Also listed are the medians, standard deviations and peak percentages 
for all three models. The total number of data points within the plasmasphere is 24,119.
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Ignoring the somewhat unusual results obtained with the RIMS data, we find that the OZ2012 model shows the 
best results with the CA1992 model a close second. As Ripoll et al. (2023) pointed out OZ2012 is also the only model 
that explicitly includes latitudinal dependence. Therefore, we recommend using the OZ2012 model as the default 
for the extension of the IRI model into the plasmasphere and the other two models can be introduced as additional 
options. For the development and subsequent improvement of IRI the use of model options for specific regions has 
been very successfully applied. With the help of user-specified switches the default model for a specific region can 
be replaced by one or two other models. In this way users can participate in the evaluation of the different models 
with their specific data set.

3.4 Approach for Extenting IRI into the Plasmasphere

The approach for connecting the plasmasphere models to the standard IRI model makes use of Epstein transition 
functions in similar fashion as is done for the plasma temperatures and ion composition in IRI (Truhlik et al., 2012, 
2015, 2021). This unique approach was first proposed by Booker (1977) for his study of radio wave scattering in the 
ionosphere. The approach divides a profile into sections of almost constant gradient getting the so-called ‘skeleton 
profile’. Then Epstein step functions are used to connect the different sections, getting an analytical representation 
of the skeleton profile. Integrating this analytical function for, in our case, the electron density gradients one than 
gets an analytical representation of the whole electron density profile. For a profile with N sections of constant 
gradients gi the Booker function B becomes

	 � (6a)

	 � (6b)

with the section boundaries HXi and the transition thicknesses SCi, and the integration taken from h0 (which is the 
base point of the profile) to h. A detailed description of the approach can be found in Appendix A of Bilitza et al. (2022).

The Booker (1977) approach has been successfully applied for modelling the IRI plasma temperatures and the 
IRI ion composition. And indeed, it was also used for the development of the topside options IRI2001cor and COR2. 
In IRI2001cor the altitudinal variation of the correction term is describes with the Booker approach. The COR2 
option makes use of Booker’s method to describe the variation of its solar activity linear regression parameters 
with modified dip latitude and altitude. We propose to extend the IRI2001cor approach from the topside into the 
plasmasphere with additional fixpoints (called also anchor points) in the plasmasphere and to use one of the 
evaluated plasmaspheric models to obtain the electron density at these fixpoints. The plasmapause location would 
be an obvious choice for one of these fixpoints. However, the actual location can vary significantly from the average 
location given by the plasmapause models as discussed in section 3.3. There are also still some differences between 
the numerous mostly satellite-mission-specific plasmapause models. We tested different sets of plasmaspheric 
fixpoints with and without the plasmapause location using the OZ2012 model to determine the electron density at 
the fixpoints and using comparisons with the IMAGE/RPI data as evaluation criteria. Very good results were achieved 
with fixpoints at 5,000 km, 10,000 km, 20,000 km and 30,000 km. Because of the connection to the IRI2001cor option 
our proposed plasmaspheric extension approach can only be used with the IRI2001cor and the COR2 topside options, 
and is not applicable for the IRI2001 and NeQuick options. For the NeQuick option the plasmaspheric extension is 
achieved by extrapolation of the topside profile into the plasmasphere.

In Fig. 6 the resulting error distribution with the set of the above indicated fixpoints and the OZ2012 model is 
compared to the error distribution obtained with the extrapolation of the NeQuick topside option. The fixpoint 
version exhibits a broader distribution but provides a significantly better agreement with the IMAGE/RPI data 
than the NeQuick extrapolation. The NeQuick underestimation at plasmaspheric heights shown in Fig. 6 confirms 
earlier results by several other authors. Kashcheyev and Nava (2019) studied the NeQuick behavior in the topside 
ionosphere – plasmasphere region by comparing vTEC in the altitude range 800 km to 20,000 km with corresponding 
COSMIC‑1 data obtained using the precise orbit determination antennas. They found that NeQuick underestimates 
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the COSMIC-1 data by 2 to 8 TECU (average 3.73 TECU). A similar result was obtained by Pezzopane and Pignalberi 
(2019), who compared NeQuick predictions with vTEC obtained by the Swarm B satellite and found underestimations 
by NeQuick in the range of 3 to 6 TECU depending on solar activity conditions. Results that were further confirmed 
by a follow-on study by Pezzopane et al. (2024). More recently Servan-Schreiber et al. (2024) reported similar results 
by comparing the model with TEC measured by several GNSS ground receiver stations at different latitudes. This 
study highlighted also the improvement achieved with the inclusion of plasmaspheric models in IRI.

It should, however, be noted that our approach includes several approximations. We calculated L at the fixpoints 
assuming a dipole magnetic field. L then becomes a function of the height h, the Earth radius Re, and the magnetic 
latitude 𝜆

	 � (7)

One of the student teams at the 2023 COSPAR-IRI Workshop in South Korea compared the L-values determined 
with this simple method versus the more realistic values found with the multipole IGRF model. They found that 
above 3000 km the agreement is within 5% in the –60° to +60° magnetic latitude range. Another point to consider 
is the fact that the 30,000 km fixpoint will generally be outside the plasmasphere and its electron density should 
be at least an order of magnitude lower than the plasmaspheric model prediction. A point that could be easily 
introduced when incorporating the extension option into IRI. The same might be true for the 20,000 km fixpoint 
especially during storm-induced plasmasphere suppression. However, this upper part of the plasmasphere will not 
have a significant impact on the combined ionosphere-plasmasphere TEC, which is the primary parameter for which 
this plasmaspheric extension is introduced into IRI.

4.  Conclusions

The International Reference Ionosphere (IRI) is the international standard for the representation of parameters 
in Earth’s ionosphere and is widely used for applications in many different areas of applied and theoretical sciences, 
engineering and education as shown in Fig. 2. It is an example of successful international collaboration involving 
66 experts representing 27 countries worldwide (Fig. 1). The wide usage of the model is illustrated by the many 

Figure 6. �Percentage error distribution between the IMAGE/RPI data and the IRI model using the COR2 option for the 
topside and the plasmaspheric extension proposed in this paper (red squares) and the IRI model using the NeQuick 
topside option and extrapolating it to plasmaspheric heights (black crosses). A point (x,y) on the curves indicates 
the number of cases (y) with a percentage error of x ± 2.5%. Also listed are the medians, standard deviations and 
peak percentages for both cases. The total number of data points considered is m = 22,666.
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journals covering a wide range of subjects that have published articles that cited the IRI model (Fig. 2). With the 
help of data assimilation and adjusted indices it is possible to bring the climatological IRI model closer to real-time 
conditions and many studies have been published on this topic (Tables 1 and 2).

The special focus of this paper is the representation of the electron density in the topside and in the plasmasphere, 
because they play such an important role in determining the total electron content (TEC) a parameter of special 
interest for many IRI users.

The topside electron density profile is normalized to NmF2 and hmF2 and the latest version IRI-2020 provides 
4 options for the topside electron density profile. Three of these options, IRI2001, IRI2001cor and IRICOR2 are 
related to the very first topside model that was developed by Rawer et al. (1978a, b,c) and Rawer (1984). IRI2001 
model was successfully improved with correction terms determined by Bilitza (2004) and Bilitza and Xiong (2021) 
leading to the topside options IRI2001cor and COR2, respectively. A comprehensive evaluation of all four options 
by Pignalberi et al. (2024) with GRACE, ICON, and DMSP in-situ data has pointed to remaining issues that need to 
be resolved for the two best performing options COR2 and NeQuick. The COR2 option, while describing the low 
latitude topside with associated EIA phenomenology remarkably well, still shows a solar activity trend in the upper 
topside. The NeQuick option represents the lower and upper topside quite well, but still needs to counter-balance 
the propagation of the EIA features to higher altitude.

Empirical modelling of the electron density distribution in the topside and in the plasmasphere has been to a 
large part proceeding separately. However, there is no clear boundary between ionosphere and plasmasphere. The 
most often used demarcation is the transition from the O+ dominated ionosphere to H+ and He+ domination higher 
up. But other definitions have been proposed as well (Lee et al., 2016). For IRI the exact separation point between the 
two spheres is not important. A seamless transition from topside to plasmasphere domain is the IRI goal. Currently, 
a user can achieve this goal by extrapolating the IRI topside formalism into the plasmasphere and this can be done 
with either one of the topside options as well as the IRI-Plas version. But this approach for the plasmaspheric 
part is not data-based as the rest of the IRI model and as requested by the IRI-sponsoring organizations COSPAR 
and URSI. Topside sounder data may have been used for supporting the extrapolation, but only up to 3,000 km. 
For the rest of the plasmasphere the general assumption in this approach is a smooth continuation of the topside 
density decay for the vertical profile throughout the plasmasphere. But the plasmaspheric electron density is best 
modelled through its L-shell dependence and not its vertical height dependence. And as the IMAGE RPI data showed 
(Ozhogin et al., 2012) variation along the magnetic field line also need to be considered.

In this paper we propose a different approach. There have been numerous empirical models developed for 
the plasmasphere as discussed in section 3.1. We propose to apply the Booker (1977) method to connect an 
empirical plasmasphere model to the IRI topside profile. This approach gives equal weight to both regions and 
does not require a special merging function or normalization to an ionospheric foot point. We have evaluated three 
plasmasphere models that have been often used and cited (Carpenter and Anderson, 1992; Gallagher et al., 2000; 
Ozhogin et al., 2012). An important criterion was also that they were developed with data acquired during different 
satellite missions with different measurement techniques. For the evaluation of these models, we selected three data 
sets that were acquired by three different satellite missions with different measurement techniques (DE-1/RIMS, 
IMAGE/RPI, CRRES/PWE). We find that the Ozhogin et al. (2012) and Carpenter and Anderson (1992) models perform 
equally well and better than the Gallagher et al. (2000) model. Our recommendation is to use the Ozhogin et al. (2012) 
model as the IRI default, because it performed well and is the only model that considers density variations along the 
magnetic field line. As a second option we recommend the inclusion of the Gallagher et al. (2000) model since its 
performance was quite different from the other two. This will encourage users to compare these two models with 
other data sources and support the continued evaluation of the two models. Our study is a first step towards fully 
including a plasmaspheric extension in IRI. Our plasmaspheric extension model does not yet include a plasmapause 
and is not reliable in the polar cap region. For the polar cap region, the model developed by Nsumei et al. (2008) 
with IMAGE/RPI data is a good candidate and we intend to investigate this and other models for the polar cap and 
plasmapause region in a follow-on study.

Data availability statement. The DE-1/RIMS and IMGAGE/RPI data used in this study are available from NASA’s Space 
Physics Data Facility (SPDF) at https://spdf.gsfc.nasa.gov/pub/data/. The CRRES/PWE data are available at https://doi.org/ 
10.7302/250x-bt08. The IRI software and information about the model can be obtained from the IRI homepage at 
https://irimodel.org/.

https://spdf.gsfc.nasa.gov/pub/data/
https://doi.org/10.7302/250x-bt08
https://doi.org/10.7302/250x-bt08
https://irimodel.org/
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