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Why the Ionosphere??

CSES-01 orbits sun-

synchronously at an 

altitude of ~500 km

• with an inclination of 97.4°
•  with descending and ascending nodes at 

~14:00 local time (LT) and ~02:00 LT, 
respectively, and a revisit period of 5 days;

• with an average speed of ~7.2 km/s;
• with an orbital period of ~94 minutes.

satellite

(Top side ionosphere)



The Earth’s Ionosphere

▪ Extending roughly from 50 km to 1,000 km 
in altitude, is continuously shaped by solar 
ultraviolet and extreme ultraviolet 
radiation (1 – 120 nm), which ionizes the 
atmospheric gases.

▪ In addition, events such as solar flares and 
coronal mass ejections can trigger abrupt 
changes in electron density and 
temperature.

▪ Relative maxima and minima identify the 
ionospheric regions and layers.

▪ The ionosphere varies with geographic 
latitude, longitude, time of the day, season, 
altitude, magnetic latitude and solar 
activity.



The Earth’s Ionosphere

The Earth's ionosphere is a dynamic plasma 
environment where solar radiation, 

geomagnetic forces, and atmospheric processes 
converge to create a complex system

Credit: NASA

Thermodynamical, dynamical and chemical reactions such as:
❖ Neutral composition changes;
❖ Changes in the global wind circulation
❖ Travelling Atmospheric Disturbances (TADs) 

Electrodynamical processes such as:
❖ Penetration of electric fields of magnetospheric and interplanetary origin 

into the ionosphere
❖ Enhanced plasma fluxes from the plasmasphere and/or magnetosphere

These variations can, in turn, generate or enhance plasma irregularities! 



Ionospheric Irregularities

The formation of irregularities is generally attributed to ionospheric instability mechanisms, including:
• wind shear theory;
• gradient-drift instability;
• atmospheric gravity waves;
• Kelvin-Helmholtz and Rayleigh–Taylor instabilities; 

Ionospheric irregularities are disturbances or variations in the ionospheric plasma that can significantly impact 
radio wave propagation, satellite signals, and other forms of electromagnetic radiation.

The complex and strongly variable plasma dynamics of the Ionosphere may evolve in a wide variety of 
irregularities with spatial scales ranging from meters to thousands of kilometres, including:

o Sporadic E layer and spread F;
o Field-aligned irregularities (FAIs), and plasma bubbles ;
o Electron density enhancements or depletions
o Traveling ionospheric disturbances (TIDs);
o Conductivity variations;
o Electromagnetic fluctuations in the ULF-ELF bands (1mHz-3 kHz);
o Lightning, whistlers and ELVES;

In all the above instability mechanisms, electric fields and neutral winds play 
dominant roles in the generation of ionospheric irregularities.



Irregularities…what else?

“To be able to distinguish the ionospheric 
precursors from the other kinds of ionospheric variability it is necessary to know their main 
morphological features.” 

Pulinets, S., & Boyarchuk, K. (2004). Ionospheric precursors of earthquakes. Springer Science & Business Media.



Ionospheric studies in the frame of Scienza +

This knowledge is key to 
enhance our ability to assess 

potential lithosphere-
atmosphere-ionosphere 
coupling mechanisms.

AIM: Distinguishing between 

naturally occurring 
disturbances—driven by solar 
and geomagnetic activity—and 

those potentially induced by 
seismic events 

HOW: Investigating the intricate behaviors of the ionosphere in 

terms of:

➢ Identification of instrumental and environmental 
background;

➢ Characterization of ionospheric irregularities;
➢ Characterization of particle acceleration mechanisms;
➢ Identification and characterization of ULF and ELF waves;
➢ Characterization turbulent variations in electric and magnetic 

fields;
➢ Calculation of ionospheric electrical conductivity;
➢ Modeling of the topside ionosphere;



The ionospheric background
Step 1 – Selection of the geographical region

Diurnal orbits Nocturnal orbits

The considered orbits are enclosed in a 
3° × 3° geographic LAT-LON cell cantered 

on the EE.
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Step 2 – Decomposition of the selected signals

Fast Iterative Filtering (FIF)*

Similarly to EMD, FIF decomposes the signal into 
intrinsic mode components (IMC). 

𝑓 𝑡 = 

𝑙=1

𝑁

𝐼𝑀𝐶𝑙 𝑡 + 𝑟(𝑡)

*Cicone, A., Zhou, H. Numerical analysis for iterative filtering with new efficient 
implementations based on FFT. Numer. Math. 147, 1–28 (2021).



The ionospheric background

Step 3 – Multiscale statistical analysis and 𝜖𝑟𝑒𝑙 evaluation  

Relative energy of the single IMF divided by the total 
energy calculated in the interval chosen for the PDF 

calculation.

𝜖𝑟𝑒𝑙 𝑙 =
𝑙 𝐼𝑀𝐶𝑙 𝑡

2 ⅆ𝑡
∗

𝑙 𝑓 𝑡 2 ⅆ𝑡

*Flandrin, P. (1998). Time-frequency/time-scale analysis. 
Cambridge, Massachusetts: Academic Press.; 

Step 4 – calculation of latitude-frequency-𝝐𝒓𝒆𝒍 
spectrum
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The ionospheric background

Step 5 – Remapping 

Every spectrum has different grid values both in latitudes and frequencies

Constructing a grid on which remap the whole dataset

Latitudes Frequencies

Linear spacing 
from 𝑙𝑎𝑡𝐶 − 𝐿𝐺/2 to 𝑙𝑎𝑡𝐶 + 𝐿𝐺/2 

with 0.1° spacing

Logarithmic spacing 
since frequency values span 
several orders of magnitude

Final uniform grid for every orbits with 𝝐𝒓𝒆𝒍 interpolated on every grid 
point

f (Hz)

la
tit

ud
e

𝝐
𝒓𝒆
𝒍

f (Hz)

la
tit

ud
e

𝝐 𝒓
𝒆
𝒍

Step 6 – Average 

The Background is defined as the average of 
all the 𝜖𝑟𝑒𝑙 remapped on the final grid
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consider all the possible 
ionospheric conditions

2 Hz: Ԧ𝑣 × 𝐵 electric field 
caused by satellite 
motion into the 
geomagnetic field 

8-15 Hz: Schumann 
resonances at CSES orbit

1 kHz: Plasmaspheric hiss

The generated backgrounds 
correctly identify well-known 

signals in the ionosphere

Vanuatu 
Island

effectiveness of technique confirmed!

First automatized procedure to characterize the ionospheric EM background
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Background for Haiti

8-15 Hz: 
Schumann 

resonances at 
CSES orbit

f (Hz)f (Hz)f (Hz)

f (Hz) f (Hz)f (Hz)

Signal emerging 
from background 

∼190 Hz

Observations around Haitian earthquake of August 14, 2021 (𝑀𝑊 = 7.2)
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The ionospheric background



190 Hz
Haiti

180 Hz
Indonesia

400 Hz
Vanuatu

80 Hz
Italy

All signals are found both in the 
electric and magnetic field, 

exhibiting the characteristics of 
an EM wave

𝐸 ⊥ 𝐵

The ionospheric background

EM background could be used to detect electromagnetic 
seismo-associated signature!!

Recchiuti et al. (2023)



Characterization of low latitude irregularities

WHY LOW LATITUDES?

1°

2°
The ionosphere over the Equatorial Region/low latitudes 

possesses features that are distinct from those of other 

latitudes, because of:

▪ the horizontal/low inclination geomagnetic field 

lines that connect/couple the equatorial F region to 

its conjugate E layer;

▪ the relatively larger fraction the solar radiant 

energy absorbed as compared to other latitudes 

(50% of the total incident solar radiation on Earth is 

absorbed within ±30 latitude zone cantered on the 

equator); 

The resulting vertical plasma transport/motion by dynamo zonal 

electric field is mainly responsible for the formation and 

structuring of  the ionization layers, and for the over all 

phenomenology of  the equatorial and low latitude ionosphere, 

such as the plasma instabilities/irregularities of  the night 

ionosphere.



Characterization of low latitude irregularities

P L A S M A  
B U B B L E S

Plumes of  low-density plasma

Generically appear at local dusk where the absence of sunlight 

leads to a much faster ionospheric recombination at lower altitudes 

with respect to higher ones, thus causing steep upward plasma 

density gradients which in turn result in growth of the collision-

dominated Rayleigh–Taylor (R–T) instability

Such kind of process triggers the formation of  plasma-depleted 

regions in the bottom side of the F-layer, which then buoyantly rise 

upward into the topside of the F-layer

Traditional diagnostic methods (e.g. GNSS, radars, airglow imagers) allowed to assess the main mechanisms for 

generating POST-SUNSET plasma bubbles, including their multi-scale temporal variability, such as long-term 

variability mainly due to solar cycle dependences and medium-term variability mainly due to seasonal variations

However, mechanisms generating the POST-MIDNIGHT 

plasma bubble are still unknown and extensively debated.

CSES-01 orbital plane allows to 

contribute to the study of these 

irregularities



Characterization of low latitude irregularities

The maximum in the occurrence rate of  irregularities 

across midnight into the post-midnight hours takes 

place during the June and December solstices, with a 

peak, during quiet periods, between May and August

D’Angelo et al. (2025)



Yizengaw et al. (2013) noted that a 

strong occurrence of  the post-midnight 

irregularities peak predominantly in the 

African sector appears during the June 

solstice suggesting that the abundant 

appearance of  the ionospheric sporadic 

E layer (Es) in the June solstice could be 

a source of  eastward electric field that 

leads to bubble formation during the 

local time after midnight.

The longitudinal structures in which these 

irregularities occur are very similar to those 

reported by Dao et al. (2011),  suggesting that 

the lower atmospheric tides may have actively 

contributed to EPBs formations.

Dao et al., Geophys Res Lett, 38:L10104, 2011Yizengaw et al., Geophys Res Lett, 40, 2013



Dynamics of low latitude irregularities

The statistical analysis of a sample of EPBs in geomagnetic quiet conditions revealed

• The multiscale turbulent nature of the electron density fluctuations,

• An electron temperature variability likely connected to compression and expansion of 

EPBs as they rise and evolve.

• Electron pressure and density have different spectral properties.

New implications for EPBs dynamics:

• development of plasma depletions follows a cascade process like that observed in 

classical fluid turbulence generated by Raileigh-Taylor instability

• Non negligible thermal effects challenge the one-to-one correspondence of density and 
magnetic fluctuations invoked for the diamagnetic effect.

De Michelis et al. (2024)



Dynamics of low latitude irregularities

The proposed studies, which represent a first step 
towards a broader characterization of low-

latitude ionospheric irregularities, are 

fundamental to better understand and characterize 

ionospheric irregularities thus increasing our ability 
to assess potential lithosphere-atmosphere-

ionosphere coupling mechanisms

Summary: Our results support findings of  previous 

studies and suggest that possible mechanisms for generating 

observed post-midnight irregularities could be both attributed to 

the seeding of  the Rayleigh–Taylor instability by atmospheric 

gravity waves (propagating from below into the ionosphere) 

and, subsequently, to the uplift of  the F layer induced by the 

meridional neutral winds in the thermosphere.6
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Ionospheric E x B velocity drift in Equatorial 
Plasma Bubbles revealed:

• Coexistence of  a 2D large scale convective 
structures (Bolgiano scaling) with a 3D small-
scale (Kolmogorov) turbulence.

• Identification of the scale  LB of the transition 
between these two regimes, denoting the 
change in the dominant force (buoyancy or 
inertial).

characterization of the ionospheric background electric field 

due to equatorial ionospheric convection

Consolini et al. in prep.



Detection of ionospheric 
irregularities

D’Angelo et al. (2025) under rev 

Pezzopane et al. (2022)



Parallel Electrical Conductivity
topside ionosphere dominated by 

electron-ion collisions

Enhanced solar ultraviolet and 

extreme ultraviolet radiation increases 

both the electron density and 

temperature, resulting in elevated 

levels of parallel conductivity.

Reduction in solar input leads to a marked decrease both the 

electron density and temperature, except in regions located at 

geographic latitudes around ±60° in the nightside, where high-

energy particle precipitation (mainly electrons) is known to take 

place. 

Such particles entering the ionosphere lose little energy through 

collisions, their high energy translates into high electron 

temperature, and consequently relatively high parallel conductivity.

Giannattasio et al. (2022) 



CSES-01 IRI model



Realistic ionospheric environment Realistic pump wave

IRI model
• equatorial latitudes

• morning time
• Year 2021

• 500 km of altitude

s % 𝜷 

e - 1.3 ⋅ 10−5

𝑯+ 4.2 4.2 ⋅ 10−7

𝑶+ 93.9 9.4 ⋅ 10−6

Lower plasma beta Double species plasma

Ambient geomagnetic field
• ∼ 𝟏𝟎𝟒nT

• Complex EM environment

Spectrum of waves Small amplitude

First successful simulation of real ionospheric 
condition using a hybrid code

Plasma beta values orders of magnitude lower 
with respect to other works in literature

Numerical simulations of WPI in the ionosphere



Real plasma beta

Real ionospheric 
composition at 500 km

𝑩

𝑩𝟎
≥ 𝟓 ⋅ 𝟏𝟎−𝟑

𝒊. 𝒆. ∼ hundreds of nT
Rare event (strong storm)

𝑩

𝑩𝟎
≤ 𝟐 ⋅ 𝟏𝟎−𝟑

𝒊. 𝒆. ∼ tens on nT
Not rare ionospheric disturbance



VDF rapidly broadens
Slow generation (∼10 s) 
of fast ion beams (𝑯+)

𝑶+
𝑯+𝑯+𝑶+

𝑩

𝑩𝟎
≥ 𝟓 ⋅ 𝟏𝟎−𝟑

𝒊. 𝒆. ∼ hundreds of nT
Rare event (strong storm)

𝑩

𝑩𝟎
≤ 𝟐 ⋅ 𝟏𝟎−𝟑

𝒊. 𝒆. ∼ tens on nT
Not rare ionospheric disturbance

Findings suggest caution when attributing 
concurrent event to same physical origin

Even small perturbations can induce fast ion 
beams in realistic conditions

Recchiuti et al. in prep



Detection of ULF waves on 30 March 2021
CSES-01 magnetic field dynamic spectra

Mean Field Aligned coordinate system (MFA)

COMPRESSIONAL ෝ𝑒𝑐 pointing the direction of the mean magnetic field;

TOROIDAL ෝ𝑒𝑡 pointing azimuthally as a cross product between the satellite’s ran direction and 
the mean magnetic field;

POLOIDAL ෞ𝑒𝑝 completes the triad.

Pc1 activity between 20:58 UT and 

20:59 UT in the poloidal and 

toroidal components, with a 

peculiar frequency of 1 Hz and an 

almost linear polarization (ε < 0.2).

Negligible activity is observed in the 

compressional component 

D’Angelo et al. (2024)



SCM and EFD WAVEFORMS FILTERED AT 1 HZ

Magnetic field fluctuations: larger in 
components perpendicular to the local 

geomagnetic field

TYPICAL MARK OF TRANSVERSE Alfvèn WAVES 

chance for particle acceleration along 

the field line, possibly leading to 

precipitation

Electric field higher fluctuations: in 𝐸∥ 
component

Detection of ULF waves on 30 March 2021



RING CURRENT LIKE PROTONSPROTONS <20 keV 1.5
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Evidences of Isolated Proton Aurora induced by ULF activity
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Optical keogram produced by all-sky white-light cameras located at Syowa 

❖ In the same magnetic sector affected by proton precipitation 

HI emission has been also recorded. 

❖ A clear isolated arc is clearly visible in the same region marked 

by the proton precipitation spotted by DMSP/SSUSI imagers.

❖ Observed ULF waves at ~1 Hz probably have their source in a 

magnetospheric equatorial region at L ~ 6.6/6.7 in the 

evening/night sector, not far from plasmapause.

Plasmaspheric model



27 March 2021: a weak storm (SYM-H minimum value: ~-40 nT) 
occurred in correspondence with the southward turning of  the IMF 
(between 21:00 UT and 23:00 UT), followed by a long recovery phase 
corresponding to a fluctuating Bz,IMF. 

30 March 2021:  Pc1 event (~20:44-21:06 UT)

at a near zero IMF,

upon a small increase in the solar wind dynamic pressure,

under low Kp,

low Sym-H,

moderate AE conditions. 

Observations of ULF waves detected 
on 30th  March 2021



Characterization of the spatiotemporal scales of the high-
latitudes ionospheric electric field

Identification and characterization of  

electric field variability at high latitudes 

related to FACs activity and particle 

precipitation.

V
/m

V
/m

Two distinct plasma environments:

• FAC activity in the AO;

• Polar Cap activity;

Technique for the automatic 

identification of  orbital intervals 

characterized by such intense activity

FIRST DATABASE OF 

EVENTS

Two distinct activity level:

• Disturbed (top panel);

• Quiet (bottom panel);

Papini et al. (2023)



Statistical analysis of the power distribution

Histogram of electric power as a function

of:

• latitudinal extension of the interval

(left column);

• magnetic latitude of the interval (right

column);

1. A clear dependence of the power with

magnetic latitude is present.

2. Concentration of the latitudinal

extension about two degrees

(corresponding to ~200 km), likely
due to the size of the active

electromagnetic structures (e.g.
FACs).

background for 
anomaly detection

Papini et al. in prep.



Characterization of of the background electric field due 
to ionospheric convection

Study of the ionospheric E x B velocity drift at high latitudes.

𝑣𝐷 =
𝐸 × 𝐵

𝐵2

The multifractal analysis revealed the occurrence of 2D convective turbulence from tens of kilometers (typical size of FACs) down 
to tens of meters (electronic dissipative scales), thanks to the unmatched resolution of EFD-01. Such dynamics is characterized by 

the presence of filamentary thin tube-like structuring (possibly connected to FACs variability).

-8

-4

0

4

v z
 (

km
/s

)

21:43 21:44 21:45

UT

-8

-4

0

4

v y
 (

km
/s

)

-8

-4

0

4

v x
 (

km
/s

)

fluctuations of the drift velocity scaling exponents associated with fluctuations

MONOFRACTAL
MULTIFRACTAL

These measurements also allow us to advance our knowledge of the ionospheric dissipative structure

Consolini et al. (2022)



Stochastic nature of the polar ionospheric fluctuations

Data-driven numerical modelling of high latitude electric 
field fluctuations in which fluctuations can be numerically 

modeled using the Langevin Equation, which allow to 
numerically simulate (and thus reproduce) their properties.

 

Further step in the characterization of the electric field 
fluctuations in the polar ionosphere to gain knowledge on 

the nature of particle precipitation at those latitudes.

• electric field fluctuations in the range 2.5 Hz ≤ ƒ ≤ 25 
Hz, i.e., from 3 km down to few hundred meters, 

behave stochastically, with a Markovian character. 
• At higher frequencies, such behavior disappear, due to 

either kinetic processes and/or energy dissipation.

capability of numerically reproduce/predict the 
behaviour of electric fluctuations potentially provide 

a diagnostics for the detection of anomalous 
behaviour/signals of an origin different than the 

usual ionospheric dynamics

Benella et al. (2023)



Program for calibration/correction of EFD-01 L2 Files

1. Presence of gaps in the data: 
data are filled with desired value, 
and gaps are labelled.
2. Spikes after gaps are identified 
and labeled.

3. Correcting for systematic jumps 
in the waveforms introduced by 
errors in rotating the electric field 
components to the WGS84 
Cartesian frame (Rotational drift):

𝑬𝒊,𝐝𝐞𝐫𝐨𝐭 = 𝐒𝐋𝐄𝐑𝐏(𝒕𝒊; 𝐈, 𝐑, 𝟎, 𝟏) ∙ 𝑬𝒊

LAP & EFD 
Calibrations

Papini et al. in prep.

Pignalberi et (2022)
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