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Abstract

A new method to define a background for the ionospheric electron density (Ne) is proposed, making use of mid-latitude measurements
under different solar conditions from the Langmuir Probes onboard CHAMP and three identical Swarm satellites. In particular,
CHAMP measurements during the years 2004 and 2009, and Swarm observations during 2016 and 2017 have been considered in the
15�-wide latitudinal belt from 35�N to 50�N, and from 0� to 360� in longitude. CHAMP/Swarm in-situ Ne measurements have been then
used to check and compare this new defined background with the one computed directly from IRI-2016 Ne output at satellite altitude.
The distributions of the relative deviations between the two backgrounds, and of positive and negative anomalies (i.e., Ne variations from
each background greater than 30%) with respect to the geomagnetic activity levels have been evaluated under each investigated condi-
tion, namely year/satellite, season, night-time or noon hours. Results of this comparison highlight a general overestimation of Ne from
IRI during noon hours, while a better agreement between the two backgrounds is found during night-time. However, an underestimation
of IRI with respect to Swarm-derived background is found for 2017 data. Finally, the analysis of 2004 plasma data suggests that the IRI-
2016 model can be used as a background during periods characterized by high levels of geomagnetic activity. Due to the difficulties to
construct a background for satellite data, the proposed method can be considered an useful tool for analyses of electron density varia-
tions at the heights of the satellites in Low Earth Orbits (LEO).
� 2023 COSPAR. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).
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1. Introduction

The ionosphere, i.e., the ionized layer of the uppermost
portion of Earth’s atmosphere, is an important subject of
study relevant to numerous technological applications
involving radio signals, like high frequency (HF) radio-
communications, over-the-horizon radar techniques,
satellite-based positioning and navigation services for mil-
itary and civil uses. The ionosphere plays a unique role in
mmons.org/licenses/by-nc-nd/4.0/).
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the terrestrial environment because of its marked coupling
with the overlying and underlying regions. Sun-Earth inter-
actions play the leading role in its formation, due to solar
photoionization by ultraviolet (UV) and soft x-ray radia-
tion, capable of dislodging an electron from a neutral gas
atom or molecule upon collision (Hargreaves et al., 2007;
Frank-Kamenetsky and Troshichev, 2012). Free electrons
present in the Earth’s ionosphere persist for long enough
periods before recombining into neutral atoms or mole-
cules, affecting radio wave propagation.

Since the nature of the ionosphere is strongly linked to
fluctuations in solar emissions, it is consequently highly
variable. Violent solar phenomena can significantly affect
the physical state of the near-Earth space up to the Earth
magnetosphere and ionosphere, producing relevant Space
Weather effects. Adverse Space Weather conditions could
cause a degradation of HF communications, narrowing
the working frequency band due to negative ionospheric
storms so that the International Civil Aviation Organiza-
tion (ICAO) makes use of four Global Space Weather Cen-
ters for Aviation (SWX) to monitor the extreme Space
Weather events (Kauristie et al., 2021; Fiori et al., 2022).

It should be stressed that the ionosphere-thermosphere
is a single system. During a geomagnetic storm, the energy
input at high latitudes affects the upper atmosphere pro-
ducing changes in thermospheric wind and composition
(Prölss, 1991; Fuller-Rowell et al., 1994). Next to the iono-
spheric variations related to an increase of geomagnetic
activity there are ionospheric perturbations which occur
under quiet geomagnetic conditions whose magnitude is
comparable to moderate storm effects (Perrone et al.,
2020).

The characterization of the topside ionosphere, namely
the region above the ionospheric electron density (Ne) max-
imum, is of particular importance for satellite operations
and for any application involving signals from satellites,
being the environment in which the satellites fly. This is
of paramount importance due to the present high-
technology civilization of humans whose crucial activities
rely on satellite data. Space Weather events can indeed
threaten satellite transmissions and instruments, affecting
avionics in extreme circumstances, and reducing the useful
life of satellites in low Earth orbits (LEO).

This paper is focused on the characterization of the mid-
latitude topside Ne perturbations under geomagnetically
quiet and perturbed conditions, using in-situ measurements
from LEO satellites.

In-situ Ne observations linked with ground-based obser-
vations as ionosondes and Incoherent Scatter Radars (ISR)
are important to define the morphology of Ne. For this
purpose, it is fundamental to have a better topside spatial
and temporal resolution of corresponding measurements
so new Nano satellites missions as NanoMagSat should
be very useful (Hulot et al., 2018, 2021). During the last
decade, a number of studies have been devoted to valida-
tion of topside ionospheric Ne profile parameters by com-
paring the satellite-based Langmuir probes (LPs)
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observations with other ground and space-based tech-
niques and model simulations (Lomidze et al., 2018;
Catapano et al., 2022; McNamara et al., 2007; Pedatella
et al., 2015; Rother et al., 2010; Yan et al., 2020; Liu
et al., 2021; Park et al., 2016; Pignalberi et al., 2022).

In Lomidze et al. (2018) the authors calibrate and vali-
date Swarm ionospheric Ne measured with LPs on the three
Swarm satellites orbiting the Earth in circular, nearly polar
orbits at �500 km altitude using ISRs, low latitude
ionosondes, and Constellation Observing System for Mete-
orology, Ionosphere, and Climate (COSMIC) satellites,
covering all latitudes. The comparison results for plasma
frequency for each Swarm satellite are consistent but that
of the Swarm LPs systematically underestimate plasma fre-
quency by about 10% (0.5–0.6 MHz). It has been found in
Catapano et al. (2022) that plasma measurements are more
accurate in dayside regions during high solar activity, while
electron temperature measurements are more reliable dur-
ing night side at middle and low latitudes during low solar
activity. In Pignalberi et al. (2022) the Swarm B LP mea-
surements were calibrated through Faceplate (FP) Ne

observations from the same satellite. This can solve the
Ne overestimation made by Swarm LP during night-time
for low solar activity.

Studies on the ionospheric variations during geomag-
netic storms using ground-based and in-situ observations
from Swarm, CSES (China Seismo-Electromagnetic Satel-
lite) and CHAMP (CHAllenging Minisatellite Payload)
satellites have been realized (Pignalberi et al., 2016;
Spogli et al., 2021; Astafyeva et al., 2022; Habarulema
et al., 2020), next to studies that compare the models, as
International Reference Ionosphere (IRI), with the satellite
Ne observations (Bilitza et al., 2012; Klenzing et al., 2011,
2013). Pignalberi et al. (2016) showed that during the St.
Patrick storm the IRI model cannot reproduce in-situ Ne

observations but, as the authors underline, it should be
expected considering that IRI is a monthly median model.
Another interesting aspect that they found is that Swarm
Ne is higher during the dusk terminator while the IRI Ne

is higher during the dawn terminator. Comparisons of
the IRI with Ne in-situ measurements of CHAMP,
GRACE (Gravity Recovery and Climate Experiment)
and C/NOFS (Communications/Navigation Outage Fore-
casting System) satellites during the deep solar minimum
(2008–2009) have revealed significant overestimation of
Ne by IRI at 400–500 km altitude, especially during day-
time (Bilitza et al., 2012; Klenzing et al., 2011; Lühr and
Xiong, 2010).

In this work, ionospheric Ne observations from satellite
missions in a belt of 15� in latitude from 35�N to 50�N, and
from 0� to 360� in longitude under different levels of solar
activity have been used to define proper backgrounds for
noon hours and night-time conditions and then character-
ize the mid-latitude ionospheric medium in terms of Ne

abnormal variations from the backgrounds.
The electron densities from satellites are measured under

different seasons and levels of solar and geomagnetic
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activity. However, such observations are available at differ-
ent times, heights, latitudes and longitudes and they cannot
be directly used to create a background. Therefore, such
observations need to be reduced to fixed times, heights
and coordinates to be used. The only way to do this reduc-
tion is to use an empirical model like IRI (Bilitza et al.,
2017) where temporal, spatial, and solar activity variations
are given in the form of analytical expressions. The empir-
ical climatologic IRI model is far from being perfect but
today we do not have anything better. This was demon-
strated during the inter-comparison of various models (em-
pirical and physical, with and without data assimilation)
made in the framework of the CEDAR project (Shim
et al., 2011, 2012). The IRI model was shown to be one
of the best at describing the F2-layer peak parameters
NmF2 and hmF2 (maximum electron density and corre-
sponding height, respectively) under various geophysical
conditions. Moreover, a comparison with CHAMP
in situ Ne observations in the topside has also shown that
IRI manifests very good results (Shim et al., 2012). This
justifies the use of the IRI model to reduce satellite Ne

in situ observations.
Plasma data from the LPs onboard CHAMP (Reigber

and Schwintzer, 1995) and Swarm (Friis-Christensen
et al., 2008) satellites have been used in this work for the
definition of the backgrounds, in which the IRI-2016 model
(Bilitza et al., 2017) was used to reduce the satellites obser-
vations to reference times, heights and coordinates. The
results have been compared to those obtained using a back-
ground made by the same version of the IRI model. The
satellite missions, the IRI-2016 model, the background
construction, and the ionospheric anomalies definition
and classification in relation to the geomagnetic activity
conditions are described in Section 2. In Section 3 some
examples of the main results obtained for different solar
activity conditions in the years 2004, 2009, 2016, and
2017, are presented in terms of the comparison of the satel-
lites and IRI backgrounds behavior, as well as the classifi-
cation of the anomalies in relation to the geomagnetic
activity. The complete results under each condition can
be found in the supplementary materials. Section 4 includes
the discussion of the results, while in Section 5 the main
conclusions are summarized.

2. Materials and methods

2.1. Satellite missions

2.1.1. CHAMP satellite

CHAMP was a German small satellite mission for geo-
scientific and atmospheric research and applications, man-
aged by the German Research Centre for Geosciences
(GFZ) (Reigber and Schwintzer, 1995). With its multifunc-
tional and complementary payload elements, and its orbit
characteristics, CHAMP generated highly precise gravity
and magnetic field measurements simultaneously for the
first time and over a 10-year period, as well as observations
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for atmospheric and ionospheric research and applications
in weather prediction and space weather monitoring. The
CHAMP satellite was launched on July 15, 2000, into an
almost circular, near polar (87� of inclination) orbit with
an initial altitude of 454 km and ended on September 19,
2010. 2004 and 2009 CHAMP Ne data have been used in
this work. Such data have been acquired by the Langmuir
Probe (LP) onboard the satellite and provided at a rate of
0.067 Hz (i.e., one sample every 15 s) in text file with ‘‘dat”
extension as Level 2 data.

2.1.2. Swarm satellites

Swarm is a European Space Agency (ESA) mission
launched on November 22, 2013, and still in orbit, consist-
ing of a constellation of three identical satellites, called
Alpha (A), Bravo (B) and Charlie (C), which provide pre-
cise simultaneous measurements of the magnetic field and
ionospheric parameters over different regions of the Earth
by means of a number of payloads onboard each satellite
(Friis-Christensen et al., 2008). The satellites follow near-
polar orbits at different altitudes: Swarm A and C fly in a
lower orbit at around 460 km above the Earth’s surface,
while Swarm B is in the outer orbit (around 510 km).
The state of the ionosphere is probed by a LP measuring
the main plasma parameters, among which Ne is considered
here for 2016 and 2017 years. Data used in this study are
collected by the Swarm Langmuir Probe onboard each
satellite and provided at a rate of 2 Hz as Level 1b data
in common data format (CDF) files. The last release avail-
able at present, i.e., the 602, has been used and it includes
important new calibrations performed on the plasma
parameters, such as Ne and temperature (Lomidze et al.,
2018).

2.2. International reference ionosphere (IRI) model

The International Reference Ionosphere (IRI) (Bilitza
et al., 2022) is an international project sponsored by the
Committee on Space Research (COSPAR) and the Interna-
tional Union of Radio Science (URSI), which provides one
of the most used models of the complex ionospheric envi-
ronment, recognized as the official standard for the Earth’s
ionosphere. The IRI is an empirical model for the primary
ionospheric parameters, based on the long data record
available from ground and space observations of the iono-
sphere. For a given location, time and date, the core model
provides monthly averages of the Ne, electron temperature,
ion temperature, and ion composition globally in the alti-
tude range from 60 km to 2000 km. Being a data-based
model, the IRI does not depend on the evolving theoretical
understanding of the ionospheric processes, although its
reliability depends on the spatial and temporal coverage
provided by the underlying datasets. This means that the
model is more reliable at mid-latitudes in the Northern
hemisphere, thanks to the larger availability of data, given
by a much denser network of ground stations. This is also
the region investigated in this study. In the specific, to
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compute the Ne at CHAMP or Swarm altitudes and at ref-
erence heights for the backgrounds definition (see section
2.3) the following options inside the IRI-2016 software
package (Bilitza et al., 2017) have been used: (a) NeQuick
model (Coı̈sson et al., 2006; Nava et al., 2008) for the top-
side ionosphere representation; (b) CCIR model for the Ne

F2-peak (NmF2); (c) Shubin (2015) model for the F2-peak
height (hmF2). All these options are the most recently rec-
ommended ones in most of the conditions and are the
default options in the computer program.
2.3. Backgrounds definition

The goal of this work is to calculate a reference common
Ne background at mid-latitude for a specific year, season,
and local time, based on satellite data. For this purpose,
the IRI-2016 model is used here not only for comparison,
but also to adapt all the measurements, coming from differ-
ent satellites at different heights, to a reference height for
each condition. As shown in Fig. 1, the ionospheric region
considered in this work extends in latitude from 35�N to
50�N, and from 0� to 360� in longitude.

A specific Ne background is here associated with each
geographic cell with 3� latitude and 5� longitude size,
within such a 15� latitudinal belt (i.e., 360 cells in total) for:

(i) each investigated year (2004, 2009, 2016, 2017);
(ii) each season, i.e., Winter (January, February, Novem-

ber, December), Equinox (March, April, September,
October), and Summer (May, June, July, August);

(iii) noon hours (12 LT) and night-time (00 LT)
conditions.

The selected altitudes for the calculation of each back-
ground, representing the reference satellites heights for
the considered years, are: 375 km for 2004 (CHAMP);
Fig. 1. Representation of the investig
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320 km for 2009 (CHAMP); 475 km for 2016 and 2017
(Swarm). In Figs. 2 and 3, solar and geomagnetic activity
levels during solar cycles 23 and 24 are shown, with the
investigated years highlighted. The solar activity is repre-
sented by the progression of the sunspot number Sn
(Clette and Lefèvre, 2016), while the geomagnetic activity
by that of the planetary geomagnetic index Ap, which rep-
resents the daily mean of the 3-hourly geomagnetic index
ap (Matzka et al., 2021a, 2021b). Fig. 3 also shows the max-
imum level of geomagnetic activity achieved during each
investigated year, as defined by the National Oceanic and
Atmospheric Administration (NOAA) (http://www.swpc.
noaa.gov/noaa-scales-explanation) on the base of the geo-
magnetic planetary Kp index, from which ap is derived
(Matzka et al., 2021a, 2021b). A maximum level of G2
(Moderate Storm) was achieved during 2009 and 2016,
while G4 level (Severe Storm) was reached in 2004 and
2017.

Fig. 4 shows the local time of the CHAMP and Swarm
satellites overflights over any location in the four investi-
gated years; the data used for each season and for different
times of the day (night-time or noon hours) have been
highlighted with different colors. As CHAMP was a single
satellite, it covered each day only two local times separated
by 12 h, preceding 2.7 h per month. Grouping different
months in our analysis, allows us to gather enough data
for every season and time investigated. Taking into account
that the behavior of the electron density is strictly related to
seasonal variation of the ionosphere-thermosphere system,
EUV total flux is comparable during Winter, Summer or
Equinox months, and the thermospheric circulation does
not change within a particular season. Swarm is a constel-
lation of three satellites but as Alpha and Charlie fly side-
by-side, their local times are very close, differently from
Bravo. The precession of Alpha and Charlie is of 2.7 h
per month, while Bravo precesses of 2.6 h per month.
ated region (green shaded box).

http://www.swpc.noaa.gov/noaa-scales-explanation
http://www.swpc.noaa.gov/noaa-scales-explanation


Fig. 2. Sunspot number progression for solar cycles 23 and 24, with the investigated years highlighted. Sunspot data from the World Data Center SILSO,
Royal Observatory of Belgium, Brussels (https://www.sidc.be/silso/).

Fig. 3. Planetary geomagnetic index Ap progression for solar cycle 23 and 24; the maximum level of geomagnetic activity according to the NOAA scale
(http://www.swpc.noaa.gov/noaa-scales-explanation) achieved during each investigated year is also indicated. Ap data from the World Data Center for
Geomagnetism, Kyoto University, Kyoto (https://wdc.kugi.kyoto-u.ac.jp/).
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The constellation assures a better coverage of the three sea-
sons and the two selected local time hours to construct the
backgrounds proposed in this study.

2.3.1. IRI backgrounds

The first type of used background consists in the mean,
for each cell, for a specific condition (i.e., year, season, and
local time) of the direct Ne output of IRI-2016 model, com-
puted in the center of the cell at the reference altitude.
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2.3.2. Satellite backgrounds

A second type of background is constructed using Ne

data acquired by the satellites. This allows to reference
all the measurements to common conditions and conse-
quently strengthen and double-check the anomaly detec-
tion method. The Ne means for each condition are
computed considering the satellite measurements in each
specific cell with at least 10 samples inside from 11 LT to
13 LT for noon hours, and from 22 LT to 04 LT for

https://www.sidc.be/silso/
http://www.swpc.noaa.gov/noaa-scales-explanation
https://wdc.kugi.kyoto-u.ac.jp/


Fig. 4. Local time variation of the investigated satellites (A, B: CHAMP and C, D: Swarm) with underlined with different colors the samples used to
construct the different backgrounds for each season and noon or nigh-time in 2004 (A), 2009 (B), 2016 (C) and 2017 (D). Swarm Alpha and Charlie flew in
2016 and 2017 with low longitudinal separation of 1.4� at the equator which produced a local time difference of about 6 min not distinguishable on this
graph except for a slightly thicker line due to the superposition of the local time of the two satellites.

Table 1
Levels of geomagnetic activity according to the NOAA scale on the base
of the ap index (http://www.swpc.noaa.gov/noaa-scales-explanation), and
the definition of the additional level G0+ based on the value of the AE
index during the previous 6 h.
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night-time. The time window for the background calcula-
tion at noon and night-time hours is different due to the
differences in the characteristic lifetime of the ionospheric
electrons under such conditions. Indeed, at mid-latitudes
at noon hours the recombination characteristic time of
O+ is about 1–2 h, while during night-time it is around
10 h. This is due to the different height of the F2 layer,
hmF2, which is larger at night-time. Thus, during night
the recombination process is less efficient, and the charac-
teristic time is greater.

Before computing the means, each data sample is
adjusted to the reference altitude and hour making use of
the IRI-2016 model, as follows:

Ne tref ; href
� � ¼ Ne;sat tsat; hsatð Þ � Ne;IRI tref ; href

� �

Ne;IRI tsat; hsatð Þ ; ð1Þ

where tref is equal to 12 LT or 00 LT depending on the day
or night condition, href depends on the year (see above), tsat
is in the time of satellite acquisition inside the interval 11–
13 LT or 22–04 LT depending on the day or night condi-
tion, hsat is the mean satellite altitude of the month. The
monthly variations of satellite altitudes are negligible, while
for the time used as input of the IRI model (tsat) it has been
chosen the UT o’clock time closer to the acquisition time.
ap (AE) nT Geomagnetic Activity Level Description

0–32 (�100) G0 Very Quiet
0–32 (>100) G0+ Quiet
39–56 G1 Minor Storm
67–94 G2 Moderate Storm
111–154 G3 Strong Storm
179–300 G4 Severe Storm
400 G5 Extreme Storm
2.4. Anomalies definition and classification

The deviation of the satellite Ne data with respect to the
two computed backgrounds has been calculated inside time
windows of 15 min. For Swarm satellites this implies that
data potentially acquired by different satellites of the con-
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stellation within an interval of 15 min over the same cell,
are grouped together to be compared with the background.
The single satellite samples have been reported to their ref-
erence values by Eq. (1). Then, for each group of measure-
ments over a specific cell the following quantity has been
estimated:

dNe ¼ Ne;sat � Ne;bkg

Ne;bkg
; ð2Þ

where Ne;sat is the mean of all the samples acquired over the
cell within 15 min, and Ne;bkg is the corresponding IRI or
satellite (CHAMP or Swarm) background. Then, positive
and negative anomalies, depending on the sign of the devi-
ation, have been defined if the mean of the grouped sam-
ples deviates more than 30% from the considered
background. Each observed ionospheric anomaly has been
classified in relation to the geomagnetic activity conditions,
based on the values of the geomagnetic planetary index ap

http://www.swpc.noaa.gov/noaa-scales-explanation


D. Sabbagh et al. Advances in Space Research 72 (2023) 1183–1195
(Matzka et al., 2021a, 2021b) and the auroral electrojet
index AE (World Data Center for Geomagnetism, Kyoto
et al., 2015). In Table 1 are reported the level of geomag-
netic activity in relationship with the changes in the ap
index, according to the NOAA scale (http://www.swpc.
noaa.gov/noaa-scales-explanation). A further differentia-
tion of the G0 level based on the AE index has been also
defined in this work and reported in Table 1. Indeed, as
the upsurges of auroral activity could produce perturba-
tions of the mid-latitude ionospheric F2-layer (Kikuchi
et al., 2000), the AE index values in the previous 6 h have
been used to split the G0 level (i.e. the quietest) into 2 sub-
levels, one with AE � 100 nT (very quiet, so just G0) and
the other with AE > 100 nT (labeled with G0+).
3. Results

The methodology described above has been applied to
CHAMP Ne data acquired during 2004 and 2009, and to
Swarm satellites Ne measurements for the years 2016 and
2017. The complete results under each condition can be
found in the supplementary materials. Here we present part
of the main results, as a way of example. In particular, in
the following section, we discuss for some selected cases:

� the distribution of the relative deviations between IRI
and satellite backgrounds, along with the value of some
statistical parameters such as Standard Deviation (SD),
Mean Relative Deviation (MRD), and bias;

� the distribution of positive and negative anomalies
against IRI and satellite backgrounds with respect to
the geomagnetic activity levels.

For each cell and condition, the relative deviation
between the two backgrounds has been computed as:

dNe;bkg½%� ¼ Ne;sat bkg � Ne;IRI bkg

Ne;IRI bkg
; ð3Þ
Fig. 5. Distribution of the relative deviation dNe;bkg½%� between CHAMP and
2009. The values of the Standard Deviation (SD), Mean Relative Deviation (M
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where Ne;IRI bkg and Ne;sat bkg represent the IRI and satellite
Ne backgrounds, respectively. The vertical scale of the his-
tograms has been selected with a common value for each
group of analysis to easily and quickly compare the
obtained results. In particular, 140 and 170 cells have been
chosen for the relative deviation between IRI background
and CHAMP and Swarm ones, respectively.

3.1. Analysis of 2004 and 2009 CHAMP data

The above-described procedure was applied to CHAMP
data acquired during the years 2004 and 2009. It is worth
noting that these two years correspond to different solar
activity, since 2004 represents mid solar activity after the
maximum of the 23rd solar cycle, while 2009 corresponds
to a deep minimum in the solar activity.

3.1.1. Comparison between the IRI and CHAMP

backgrounds for 2004 and 2009

The dNe;bkg½%� distributions obtained for the years 2004
and 2009, along with the corresponding SD and MRD,
have been calculated for each season and night-time or
noon hours condition. As can be noticed in the examples
reported in Fig. 5, the IRI background tends to reach val-
ues greater than those of the CHAMP background.

3.1.2. Anomalies with respect to the IRI background for 2004

and 2009

As described in Section 2.4, the Ne variations greater
than 30% from a reference background have been consid-
ered as anomalous. The anomalies observed in 2004 and
2009 with respect to the IRI background are further inves-
tigated in this subsection classifying them according to the
different geomagnetic activity levels and seasons, for both
night-time and noon hours. As an example, we show in
Fig. 6, the distribution of positive (red bars) and negative
(blue bars) anomalies for Winter 2004 observed during
night-time (panel (a)), together with the distribution of
IRI backgrounds: (a) Night-time, Winter 2004; (b) Noon hours, Summer
RD) and bias are also provided.

http://www.swpc.noaa.gov/noaa-scales-explanation
http://www.swpc.noaa.gov/noaa-scales-explanation
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the anomalies for Summer 2009 occurred during noon
hours (panel (b)). It can be noticed that in almost all the
cases a larger number of negative anomalies have been
revealed with respect to the positive ones. The abundance
of negative anomalies suggests a systematic overestimation
of electron density by the IRI model.

3.1.3. Anomalies with respect to the CHAMP background in

2004 and 2009

The same method for the detection of the anomalies in
the electron density has been applied considering the back-
ground obtained using CHAMP Ne data. As can be seen
from Fig. 7, in this case there is a better balance between
negative and positive anomalies.

3.2. Analysis of 2016 and 2017 Swarm data

Since CHAMP satellite mission has been decommis-
sioned in 2010, data from the Swarm satellite constellation
have been used to characterize the mid-latitude topside
ionospheric Ne for 2016 and 2017. The results are presented
in the following subsections. Similarly to 2004, 2016 and
Fig. 6. Distribution of the positive (in red) and negative (in blue) anomalies wit
levels: (a) Night-time, Winter 2004; (b) Noon hours, Summer 2009. In case no
respectively on the corresponding level. The asterisk ‘‘*” indicates that such a le

Fig. 7. Distribution of the positive (in red) and negative (in blue) anomalies w
activity levels: (a) Night-time, Winter 2004; (b) Noon hours, Summer 2009.
corresponding level, respectively.
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2017 represent mid solar activity after the maximum of
the 24th solar activity cycle, although such a cycle was
remarkably weaker than the previous one.

3.2.1. Comparison between the IRI and Swarm backgrounds
for 2016 and 2017

The relative differences between Swarm Ne and IRI
model backgrounds during 2016 and 2017 for night-time
and noon hours respectively, along with the corresponding
values of SD, MRD and bias, are calculated. As can be
seen in the examples shown in Fig. 8, for both years an
overestimation of the IRI background is confirmed during
noon hours, while an underestimation is seen during night-
time.

3.2.2. Anomalies with respect to the IRI background in 2016

and 2017

Night-time and noon hours anomalies computed consid-
ering the IRI background for 2016 and 2017 are presented
and classified for geomagnetic activity and season. As can
be seen in the examples of Fig. 9, during night-time hours
of Winter and Summer, a larger number of positive anoma-
h respect to the IRI background through the different geomagnetic activity
negative or positive anomalies are identified, a blue or red ‘‘0” is reported
vel was not reached during the corresponding hours of the specific season.

ith respect to the CHAMP background through the different geomagnetic
The ‘‘0” and ‘‘*” symbols mark the absence of anomalies or days in the



Fig. 8. Distribution of the relative deviation dNe;bkg½%� between Swarm and IRI backgrounds during: (a) Night-time, Winter 2016; (b) Noon hours,
Summer 2017. The values of the Standard Deviation (SD), Mean Relative Deviation (MRD) and bias are also provided.
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lies with respect to negative ones confirms the observed
underestimation of the IRI model. Conversely, the largely
predominant number of negative anomalies during noon
hours is a clear indication of the overestimation introduced
by the IRI model in such a condition during all the seasons.

3.2.3. Anomalies with respect to the Swarm background in

2016 and 2017

The anomalies observed when Swarm satellite back-
ground for 2016 and 2017 is considered, have been classi-
fied in relation to the geomagnetic activity. As it is shown
in the examples of Fig. 10, the negative anomalies are
greater in number during both night-time and noon hours
under almost all levels of geomagnetic activity and seasons.
An exception is found for noon hours in 2016, where pos-
itive anomalies overcome negative ones (see Fig. S18 of the
supplementary materials).

4. Discussion

In this work we studied plasma data from CHAMP
satellite for 2004 (medium solar activity) and 2009 (solar
minimum), and from Swarm satellites for 2016 and 2017
(mid-low solar activity during the descending phase of
the solar cycle).

The study of the ionospheric electron density variations
needs the definition of a reliable background suitable for
the investigated conditions. However, the electron density
data coming from satellite measurements are not sufficient
to allow the construction of a solid Ne background for
every hour and month of the years here analyzed. To over-
come this problem, we grouped Ne data in seasons, taking
in mind that the behavior of the electron density is strictly
related to the seasonal variation of the ionosphere-
thermosphere system. Indeed, the EUV total flux is similar
in the months that belong to Winter or Summer or Equi-
nox, and the thermospheric circulation is the same within
1191
the same season. This permits us to group the electron den-
sity data observed in the different months in order to con-
struct a solid and stable background. For the same reason,
it has been necessary to group the hours within different
time windows for noon and night-time hours due to the dif-
ferent characteristic time of recombination of O+.

The comparison between the backgrounds calculated
with CHAMP means and the IRI-2016 model for 2004
and 2009, gives the following results:

� During night-time a better agreement between the two
backgrounds, highlighted also by the values of the statis-
tic parameters, can be noticed;

� During noon hours it is more evident the overestimation
of the Ne introduced by the IRI model.

The overestimation of the IRI model is confirmed also
by the great number of noon hours negative anomalies
using IRI as background. This is evident in particular in
2009, a year of a very deep solar minimum, where we can
see only negative anomalies for all the seasons in contradic-
tion to what is expected. Indeed, it is well known that neg-
ative storms generally occur during night-time when the
thermospheric wind flows equatorward, and under an
increase of geomagnetic activity (Prölss, 1995). Our results
are in line with those presented by Lühr and Xiong (2010)
and Bilitza and Xiong (2021), who pointed out an IRI
overestimation during the deep solar minimum during the
years 2008–2009.

It is noteworthy that using the background computed
using CHAMP Ne data, a higher number of negative
anomalies with respect to the positive ones has been found
during noon hours in Winter season under magnetically
very quiet conditions (see Fig. S12(a) of the supplementary
materials). This could be due to the effect of the Sudden
Stratospheric Warmings that occurred in January 2009,
which contributed to increase the number of negative iono-



Fig. 9. Distribution of the positive (in red) and negative (in blue) anomalies with respect to the IRI background through the different geomagnetic activity
levels: (a) Night-time, Winter 2016; (b) Noon hours, Summer 2017. The ‘‘0” and ‘‘*” symbols mark the absence of anomalies or days in the corresponding
level, respectively.

Fig. 10. Distribution of the positive (in red) and negative (in blue) anomalies with respect to the Swarm background through the different geomagnetic
activity levels: (a) Night-time, Winter 2016; (b) Noon hours, Summer 2017. The ‘‘0” and ‘‘*” symbols mark the absence of anomalies or days in the
corresponding level, respectively.
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spheric anomalies (Mikhailov and Perrone, 2023;
Mikhailov et al., 2021).

The comparison between the backgrounds calculated
with Swarm means and the IRI-2016 model for 2016 and
2017, gives the following results:

� During night-time a better agreement between the two
backgrounds is confirmed for 2016, particularly for
Equinox season (Fig. S13(b) of the supplementary
materials);

� An underestimation of IRI with respect to Swarm back-
ground occurs for both years in night-time conditions;

� During noon hours the evident overestimation of the Ne

introduced by the IRI model is also confirmed.

These results confirm what has been found by Singh
et al. (2021) and Smirnov et al. (2021). Comparing the
Swarm Ne data with IRI (Singh et al., 2021) in quiet peri-
ods, they found that Ne from Swarm A and Swarm B is
higher than IRI-2016 estimations during night-time, while
it appears to be lower during daytime. The same result
1192
has been evidenced by Pignalberi et al. (2016), who found
that Swarm LP Ne observations are characterized by an
overestimation during night-time hours that is overcom-
pensated by an underestimation during daytime hours.
However, it should be taken into account that plasma mea-
surements are more accurate in dayside regions during high
solar activity (Catapano et al., 2022).

Finally, it should be noted that the analysis of 2004
plasma data, when G4 geomagnetic activity level was
reached, suggests that IRI could be used as a back-
ground for high levels of geomagnetic activity, since, in
such conditions, strong anomalies can be detected also
against a biased background. However, for ionospheric
anomalies that occur during quiet geomagnetic condi-
tions, i.e., the so-called Q-disturbances (Perrone et al.,
2020), it is discouraged to use IRI as a background. In
this respect, Fig. 11 shows the yearly averaged MRD
behavior with solar activity, as represented by the yearly
sunspot number. As can be seen, a better agreement
between satellites and IRI backgrounds as solar activity
increases is demonstrated, confirming better perfor-



Fig. 11. Yearly averaged MRD behavior with solar activity. Ryearly

represents the yearly sunspot number. Sunspot data from the World Data
Center SILSO, Royal Observatory of Belgium, Brussels (https://www.sidc.
be/silso/).
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mances of the IRI model for 2004 with respect to the
other investigated years.

This could explain why in 2004 the number of G4-
classified anomalies with respect to IRI and satellite back-
grounds is in a better agreement than the number of the
same kind of anomalies observed in 2017, when the differ-
ences between the two backgrounds are more pronounced.
This is highlighted in Fig. 12.
Fig. 12. Anomalies respect to satellites (top) and IRI (bottom) backgrounds f
corresponding statistical parameters characterizing the relative deviations bet
statistical parameters are highlighted with green (2004) and red (2017) squares
obtained in 2004 with respect to 2017.
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5. Conclusions

In conclusion:

1. The electron density backgrounds defined in this work,
on the basis of in-situ Ne measurements from satellites
probing the topside ionosphere at mid-latitudes, proved
to be suitable for ionospheric anomaly detection close to
local midday and midnight hours, in every season and
different solar and geomagnetic conditions;

2. The comparison of the results obtained using satellite
and IRI model-based backgrounds highlighted a general
disagreement between the two kinds of backgrounds,
particularly during noon hours, when IRI background
overestimates satellite Ne measurements in all
conditions;

3. The general disagreement between IRI and satellites
backgrounds decreases as solar activity increases
(although the highest levels of solar activity are not
investigated in this study); this suggests that IRI back-
ground could be used for high levels of geomagnetic
activity under high solar activity conditions.

4. The IRI model has been improved with a solar activity
dependent correction for the topside Ne (Bilitza and
Xiong, 2021) so there is the future possibility to test
the use of the new IRI-2020 version (Bilitza et al.,
2022) as a background also for periods with solar mini-
mum activity.
or 2004 Winter 0 LT (left) and 2017 Equinox 0 LT (right), along with the
ween the two kinds of backgrounds (center); G4-classified anomalies and
to underline the better agreement between the two kinds of backgrounds

https://www.sidc.be/silso/
https://www.sidc.be/silso/
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