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Abstract
The Solar Physics Group at the INAF-Turin Astrophysical Observatory (OATo) is actually involved in different Space 
Weather (SW) projects and missions. In particular, this Group is currently providing for the ESA SWESNET portal two new 
data analysis tools aimed at (1) the automated identification of magnetic flux ropes from the in situ data (CME magnetic 
effectiveness tool) and (2) the automated identification and arrival prediction of CMEs from remote sensing and in situ data 
(CME propagation and forecast tool). The Group is also developing numerical tools for future applications of interest for 
SW under the project SWELTO-Space WEather Laboratory in Turin Observatory. Moreover, the Group is participating in 
two SW missions, and in particular in Helianthus (research and development project on solar photonic propulsion for early 
SW warnings) and Selene (Solar Exploration by Lunar Eclipsing with Nanosatellites Experiment). In addition to this, the 
Group is leading or is involved in other “SW enabling science” projects, and in particular the Metis coronagraph on-board 
ESA Solar Orbiter mission, the ASPIICS coronagraph on-board ESA PROBA-3 mission, and the CorMag coronagraph 
on-board HEMERA stratospheric balloon. In this framework, the OATo Solar Physics Group is working on fundamental 
research on “SW enabling science”, dealing with the origin and acceleration of solar wind and Coronal Mass Ejections with 
remote-sensing data, and their interplanetary propagation and evolution with in situ data.
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1  Introduction

According to the definition of Space Weather (SW) provided 
by the European Space Agency (ESA), “Space weather is 
the physical and phenomenological state of natural space 
environments. The associated discipline aims, through 

observation, monitoring, analysis and modeling, at under-
standing and predicting the state of the Sun, the inter-
planetary and planetary environments, and the solar and 
non-solar-driven perturbations that affect them, and also 
at forecasting and nowcasting the potential impacts on bio-
logical and technological systems” (Lilensten et al. 2008). 
This complete definition already exemplifies the key chal-
lenges that must be addressed to aid the development of a 
SW program.

The first step is of course related to our physical under-
standing of phenomena responsible for SW effects. In princi-
ple, a forecasting service could be developed even without a 
real physical understanding of the involved processes, based 
for instance on a statistical approach or most recent machine 
learning methods. Nevertheless, these kinds of approaches 
are reasonable the more the involved processes have com-
mon origins and also common developments. Unfortunately, 
this is not the case for SW events: the chain of events leading 
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to the same phenomenon (e.g., interplanetary shocks accel-
erating particles, energetic particles impacting the Earth’s 
magnetosphere, ionospheric disturbances leading to radio 
scintillations, etc.) can be totally different for different events 
(see the recent review by Buzulukova and Tsurutani 2022).

A forecasting of SW events requires not only a better 
understanding of the sources on the Sun (e.g., what triggers 
solar flares and eruptions), but also a better understanding of 
how different astrophysical systems (solar corona, interplan-
etary space, Earth’s magnetosphere, ionosphere and atmos-
phere) respond to the energy input coming from the source 
in the previous step following the cause–effect Sun-to-Earth 
chain reaction. Also, even just the monitoring of SW condi-
tions requires very different instruments observing radiation 
from the X-rays to the radio-bands, and particles in different 
energy ranges, and these instruments need to be deployed 
in very different environments, such as interplanetary space, 
near-Earth magnetospheric space, and also on the ground. 
For these reasons, it is important at the same time to improve 
our physical understanding of SW phenomena, to develop 
new numerical models and tools, and also to develop and 
deploy new instruments.

The Solar Physics Group at the INAF-Turin Astrophysical 
Observatory (INAF-OATo) has been carrying out for several 
years various activities to contribute to the above topics. 
This paper summarizes these activities and is divided into 
the following three main parts:

•	 a description of the projects currently going on at INAF-
OATo aimed at the provision of SW services (Sect. 2),

•	 a summary of other projects that are not directly aimed 
at the provision of SW services but can be considered as 
SW enabling science ones (Sect. 3),

•	 a quick summary of the main research topics carried out 
in INAF-OATo and related with SW as enabling science 
research (Sect. 4).

All these activities give relevant contributions to the cur-
rent efforts going on in Italy to provide SW capabilities at 
the national level, as summarized by Plainaki et al. (2020).

2 � Space weather projects

2.1 � Heliospheric space weather 
initiatives‑HelioMeteo

In the field of the Heliospheric Space Weather, OATo is 
leading a set of initiatives—referred to as “HelioMeteo” 
for short—in collaboration with other INAF institutes, 
universities and industries. The HelioMeteo projects are: 
“Space It Up”, funded by the Italian Space Agency (ASI), 
SWESNET funded by the European Space Agency (ESA), 

and AIxtreme, funded by the Italian Government’s Founda-
tion “Cassa Depositi e Prestiti”.

2.1.1 � SWESNET

The ESA SWESN​ET program (Space Weather Service Net-
work Development and Pre-Operation Part 1) addresses SW 
service users in different domains (S/C design, operations, 
Space Surveillance & Tracking (SST) services, power sys-
tems operators, radio link services, airline aerospace, auro-
ral tourism, etc.). Data and products are provided through 
a network of five Exper​t Servi​ce Centr​es. Each of these 
comprises a set of Expert Groups contributing with particu-
lar data, products and/or expertise. Solar Weather Expert 
Service Centre (S-ESC) INAF contributor is the Catania 
Astrophysical Observatory, while OATo is contributing to 
the Heliospheric Expert Service Centre (H-ESC). The OATo 
contribution, consisting in two SW tools dealing with the 
detection with remote-sensing and in situ data of Coronal 
Mass Ejections (CMEs), is quickly described below:

•	 CME magnetic effectiveness tool
	   The CME magnetic effectiveness tool (Telloni et al. 

2019) is aimed at the automated detection of magnetic 
flux ropes in the Lagrangian point L1 based on the analy-
sis of in situ data. The automated detection is based on 
the quantification of the so-called “magnetic helicity” Hm 
defined as 

 where B and A are, respectively, the magnetic field and 
the magnetic vector potential in the considered plasma 
volume V. The magnetic helicity can be interpreted as a 
measurement of the amount of twist, linkage, and whirl 
in magnetic flux tubes in a closed volume (Dasso 2009), 
and is considered as an intrinsic property of CMEs and 
embedded flux ropes. In this regard, CMEs can be con-
sidered as “one of the means by which the Sun ejects 
magnetic helicity excess into the interplanetary space” 
(Chandra et al. 2010), helicity being accumulated in its 
interiors during the solar cycle.

	   More in detail, the tool developed for the SWESNET 
program is based on the original idea proposed by Telloni 
et  al. (2012) using the wavelet transform applied to 
sequences of in situ data to investigate the time behavior 
at different scales of reduced magnetic helicity H(r)

m
 given 

by 

(1)Hm = ∫V

A ⋅ B dV

(2)H(r)
m
(k, t) =

2 Im[B̃
∗

y
(k, t) ⋅ B̃

∗

z
(k, t)]

k
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 where B̃∗
y
(k, t) and B̃∗

z
(k, t) are the wavelet transforms of 

the y and z magnetic field components, and k is the wave-
number in the sunward direction. The above definition is 
thus employed in the tool to quantify the helicity content 
of the ICMEs crossing the spacecraft. Since the helicity 
associated with the large-scale structure of Parker’s spi-
ral is dominant over the contribution due to ICMEs, the 
magnetic helicity spectrum is compensated to account for 
the 8/3 background scaling. This procedure (described 
in details in Telloni et al. 2012, 2013, 2019) allows the 
smaller-scale helical structures to emerge.

	   More than that, the algorithm can quantify the capa-
bility of the detected ICMEs of inducing geomagnetic 
storms on Earth. This can be done (as described in 
Telloni et al. 2019) based on the measurement of the 
kinetic Ek and magnetic Em energies embedded in the 
flux rope, after compensation for the background solar 
wind speed and magnetic field fluctuations. A threshold 
on the measured values for Ek and Em can be optimized 
also according to the observed occurrence of geomag-
netic storms based on the value of the so-called “distur-
bance storm time” (Dst) index, mostly representative of 
additional components of the geomagnetic field induced 
by the intensification of the ring currents (e.g., Hamilton 
et al. 1988). This was done by testing the period between 

2005 and 2016, thus almost completely spanning solar 
cycle 24. Results obtained after this testing campaign 
show that this tool predicts, with an efficiency of 86%, 
any geomagnetic disturbance associated with a decrease 
of the Dst-index below -50 nT (see, Telloni et al. 2019, 
for more details). An example of output product is shown 
in Fig. 1.

•	 CME propagation prediction tool
	   The main goal of the CME propagation prediction tool, 

which is going to be integrated into the ESA SWE portal, 
is to provide an early warning related to CMEs, which are 
among the most powerful phenomena that occur within 
our Solar System and can severely impact on human 
activities in space and on the ground. The tool consists 
of several algorithms that take in input white-light coro-
nagraphic data obtained almost in real-time by the suite 
of LASCO coronagraphs onboard the SOHO spacecraft 
and in situ plasma measurements from the probes STE-
REO-A, orbiting the Sun, and the Deep Space Climate 
Observatory (DSCOVR), located at the Lagrangian point 
L1. The algorithms have the following tasks:

–	 automated detection of halo/partial-halo CMEs in 
LASCO/C2-C3 images,

Fig. 1   An example of output 
product provided by the CME 
magnetic effectiveness tool
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–	 automated identification of the CME features and 
derivation of its geometrical and dynamical param-
eters through geometrical modeling,

–	 computation of an interplanetary (IP) model of the 
ecliptic solar wind,

–	 modeling of the CME propagation in the IP space 
and estimate of the arrival time at Earth.

	    The detection of a CME appearing in the corona-
graph field of view is performed by employing a modi-
fied version of the CME detection algorithm imple-
mented by the Solar Orbiter/Metis instrument (see 
Sect. 3.1), which is based on the analysis of the differ-
ence of two consecutive images acquired by the same 
telescope. The algorithm is able to distinguish halo/
partial-halo CMEs (that could potentially propagate 
toward Earth) from other CMEs that will not affect our 
planet (which are therefore ignored). Detection of an 
event is the trigger for all subsequent actions.

	   As the CME leading edge is identified in the corona-
graphic images, its shape is modeled with the Elliptic 
Cone Model (see Zhao et al. 2002), which is a very 
simple geometrical model but proved to be efficient 
enough for halo/partial-halo CMEs. The elliptical fit 
to the CME front allows for the determination of the 
real angular extension of the CME, the propagation 
direction (defined by the Stonyhurst coordinates of the 
cone axis), and the true radial component of the CME 
speed. An estimate of the total mass of the CME is 
also obtained, using the method described by Vourlidas 
et al. (2000).

	   All CME parameters are then used to numerically 
solve the analytical equation of motion provided by 
the 2D Drag-Based propagation Model (DBM; see 
Vršnak et al. 2013), which relies on the assumption 
that the dynamics of CMEs in the IP are governed by 
the magneto-hydrodynamic (MHD) drag force originat-
ing between the CMEs and the ambient solar wind.

	   The solar-wind speed and density which are input to 
the DBM are retrieved from a semi-empirical model of 
the ecliptic IP solar wind that is obtained by another 
algorithm of the tool, by combining in  situ plasma 
measurements with the analytical model of the IP mag-
netic field structure by Parker (1958). The model covers 
all distances from the Sun to the Earth on an angular 
sector centered on the Sun–Earth line and therefore 
allows for simulation of the propagation of the 2D front 
of the CME and its deformation due to the different 
wind speeds along different wind streams.

	   The simulation is used to provide a prediction of the 
arrival time of the CME front at the Lagrangian point 
L1, as well as its final speed, which controls to a large 
degree the strength of the CME interaction with the 

terrestrial environment. An example of output product 
is shown in Fig. 2.

 

2.1.2 � Space It Up

Within the framework of the Next Generation EU program, a 
national consortium including 13 Universities, 10 Research 
Institutes and Centers, and 10 Space Industries proposed 
to ASI the realization of the “SPACE IT UP” research and 
technology hub to address the major challenges concern-
ing the mankind’s space domination for both downstream 
and upstream applications. One of the SPACE IT UP spokes 
will be entirely devoted to the protection of critical infra-
structures and space exploration from SW threats, and will 
foster synergies on SW national activities between academy, 
industry, and research centers in such a way to significantly 
impact the Italian space sector on SW starting in 2023 and 
for the next three years. OATo leads the INAF responsibility 
of this SW Spoke (see Fig. 3).

This Spoke is aimed at protecting critical infrastructures 
from SW events by fostering research and tools that can 
potentially be translated into future operational services. The 
main objectives are: (1) carry out novel scientific research 
to advance our understanding of the origin and evolution 
of SW phenomena from the Sun to the Earth, also enabling 
future SW services; (2) evaluate the SW effects on ground 
and space-based infrastructures; (3) advance the capability 
to monitor and forecast SW threats in a timely manner to 
ensure effective mitigation for the protection of the planet; 
(4) design innovative space architectures and technologies 
to make a quality leap in prevention and mitigation of SW 
effects.

Some expected results are: (1) development/refinement 
of modeling capabilities and advanced data analyses able to 
interpret a broad range of observations of the Sun–Earth sys-
tem and unveil the origin of SW drivers in the solar atmos-
phere, solar wind and solar energetic particles generation 
and transport, and solar wind—magnetosphere–ionosphere 
coupling; (2) assessment of particle radiation environment; 
(3) development and/or validation of novel SW forecasting 
tools in the whole Sun–Earth connection chain, including 
AI-based analyses; (4) identification of effective real-time 
proxies that can be provided by monitoring instruments, 
both in space and on the ground, and preparation for their 
integration into an Alert Network; (5) assessment of SW 
effects on near-Earth and ground-based infrastructures; 
(6) requirements definition of a network that can respond 
quickly and efficiently to the forecasts of SW events, both 
for terrestrial and space-based infrastructures. (7) definition 
of the scientific and technological requirements and design 
of new missions architectures, including spacecraft/satellite 
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specification and space instrumentation definition aimed at 
spatially and temporally resolved forecasting of SW events.

Impact on the economic, scientific, social, and cultural 
system will provide significant progress in understanding 
the origin and evolution of SW phenomena, as well as novel 
modeling and specific applications for SW forecasting in 
the whole Sun–Earth connection chain. A noticeable impact 
will be to uncover new knowledge and expand technology 
developed to reach the main objectives of the project. The 
innovative technologies in the fields of AI and space instru-
mentation developed for SW operations will also have appli-
cations in other fields (e.g., big data, optical sensors) with 
a relevant economic impact. The obtained results will be 
useful to provide important constraints for the safety of the 
future missions dedicated to human space exploration.

2.1.3 � AIxtreme

OATo collaborates in AIxtreme: Physics-based Artificial 
Intelligence (AI) for predicting extreme weather and SW 
events.

The purpose of this collaboration by the University of 
Genova is the development of a pilot project that uses AI in 
the field of Environment and the green transition. The Pro-
ject intends to build a pipeline able to calibrate (1) numerical 
models based on the physics of SW, with the aim of protect-
ing satellite infrastructures designed first for environmental 
and meteorological monitoring, and for other potential appli-
cations; and (2) numerical models based on the physics of 
the atmosphere, with the aim of anticipating the occurrence 
of extreme weather events and supporting decisions of civil 
protection agencies and other Institutions.

On a technical level, this project intends to integrate the 
most innovative machine and deep learning techniques with 
numerical models to simulate highly complex dynamical 
systems. On a strategic level, the involvement of territo-
rial partners with notable experience in applied research, 
technology transfer, and territorial protection, will ensure 
systematic validation and a level of dissemination of the 
project results aimed to enhancing AIxtreme technological 
and social impacts.

Specifically, OATo will contribute with the knowl-
edge of Solar Physics, in particular propagation models 

Fig. 2   An example of output 
product provided by the CME 
propagation prediction tool
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of eruptive events and corresponding numerical tools for 
their simulation. The models will be validated by access-
ing currently acquired data from Solar Orbiter/Metis and 
ASPIICS/PROBA-3, SOHO/LASCO, Stereo and DIS-
COVR, and archived data from SOHO/UVCS.

2.2 � SWELTO

SWELTO (Space WEather Lab in Turin Observatory) 
(Bemporad et  al. 2021) is a multi-purpose SW project 
aimed mainly at: (1) the development of new tools for future 

Fig. 3   Infographic summarizing 
the Space It Up “hub” com-
prising 9 lines of research—
“Spokes”. OATo leads INAF 
responsibility for the “Spoke” 
Space Weather (#6 in the 
diagram)

https://www.oato.inaf.it/progetti/swelto/
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applications of interest for SW, (2) the deployment of new 
sensors, or the employment of existing sensors for possible 
future SW applications, and (3) the outreach of SW topics 
to the general public. These three main targets are briefly 
explained below:

2.2.1 � New tools development

Within the SWELTO project, new ideas for the provision of 
future SW tools are tested and implemented. Each new tool 
is provided in a first version already working in real time 
on a local Workstation. With respect to what was originally 
described in Bemporad et al. (2021), some of the already 
existing tools are currently being upgraded. In particular, 
with respect to what is already described in Bemporad et al. 
(2021), the “SunNow module” (aimed at the monitoring of 
real-time conditions on the Sun) has been upgraded to also 
provide in real time the distribution of photospheric mag-
netic fields as measured by SDO/HMI. This module is of 
fundamental importance also for the execution of the “EUV 
monitor module” (now providing daily maps of the Sun 
automatically clusterized to identify coronal holes and active 
regions), and for the production of monthly SW bulletin vid-
eos (see later). The “In Situ module” (aimed at the monitor-
ing of real-time conditions in the interplanetary space) has 
been upgraded to provide a totally new visualization of the 
in situ data measurements not only in the classical version of 
a time plot, but also in a much more attractive display in the 
format of a classic speedometer (Fig. 4). The GIF animation 
(created automatically everyday) shows the evolution over 
the last 24 h of 3 solar wind plasma parameters measured 
in the Lagrangian point L1: the plasma density, velocity, 
and temperature. This animation is now also provided as 
an outreach product for the “Sorve​gliat​i Spazi​ali” (“space 
surveillance”) portal.

The “Parker Spiral module” (aimed at the real-time recon-
struction of the distribution of plasma densities and veloci-
ties in the interplanetary space) has also been upgraded, 

particularly to better take into account some numerical prob-
lems affecting in a few cases the numerical reconstructions. 
Moreover, now this module provides an animation showing 
the shape of the Parker spiral as reconstructed over the last 
few days. The download of the photospheric field measure-
ments from HMI is also aimed at the commissioning of the 
“EUV monitor module” for the automatic identification 
of structures of the Sun based on EUV images and photo-
spheric magnetograms, utilizing an FCM (Fuzzy C-Means) 
algorithm (Carella and Bemporad 2020). An upgraded ver-
sion of this tool is also under development to provide better 
identification of coronal hole regions. The “CorDens mod-
ule” is also now being upgraded to extend the automated 
density measurements from LASCO C2 data at all latitudes 
to include the polar regions. The aim of this extension is to 
provide extended boundary conditions to run a 3D version 
of the “Parker Spiral module” also currently under develop-
ment. All the results from the tools are made available in 
real-time through the SWELTO portal.

2.2.2 � New sensors deployment

SID monitor antenna The detection of sudden ionospheric 
disturbances (SIDs) with a radio antenna is interesting not so 
much for possible research purposes that are quite limited, 
but rather for possible monitoring of the Ionospheric state, 
educational workshops and dissemination events with the 
public and with schools.

The already existing antenna for the identification of 
the SID events (“SIDmonitor module”) has been upgraded 
building a new radio antenna with a 200m long cable rolled-
up over a hexagonal perimeter by 4.5m covering one area 
of about 1.46 m 2 (Fig. 5, left panel). This active antenna, 
now installed in the attic of the Observatory, has been con-
nected to the SuperSID monitor procured from Stanford 
Solar Center (see Bemporad et al. 2021, for more details).

Thanks to the increase in the cable length and also 
in the covered area, the S/N ratio has now significantly 

Fig. 4   The new version of the 
“InSitu Module” providing in 
real-time the latest 24h meas-
urements of solar wind density 
(left), velocity (middle) and 
temperature (right)

https://sorvegliatispaziali.inaf.it/
https://swelto.oato.inaf.it/
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increased (Fig. 5, left panel) allowing the detection of a 
clear day-night ionospheric modulation. In particular, the 
strongest signal is detected in two frequency bands cen-
tered around 21.75 kHz (corresponding to the HWU facil-
ity transmitter located in Rosnay, France) and at 23.4 kHz 
(corresponding to the DHO38 facility transmitter located 
near Rhauderfehn, Saterland, Germany). Unfortunately, 
due to a lightning strike that struck the Observatory build-
ing in the end of 2022, this antenna has been temporarily 
dismounted, and it will be put back into operation as soon 
as all electric systems in the Observatory have returned to 
their nominal state.

Fluxgate magnetometer The evidence of the effects 
of solar flares events on the geomagnetic field was given 
for the first time by Mr. R.C. Carrington in 1859, who 
observed the solar event of September 1, 1859 and corre-
lated it with simultaneously occurred sudden jump of the 
three geomagnetic elements recorded at Kew Observatory 
(Carrington 1859). As a result of the increase of the total 
amount of radiation occurring during solar flare events, 
fast variation of the geomagnetic field is observable. For 
that reason, local measurement of the geomagnetic field is 
a good marker of solar activity and of interest to the SW.

The expected geomagnetic field provided by the World 
Magnetic Model (WMM) for our observing site (i.e., Pino 
Torinese, ITALY) is:

•	 North–South component: 22872.8 nT;
•	 East–West component: 1206.8 nT;
•	 Vertical component: 41571.7 nT

with annual variations of:

•	 North–South: 9 nT per year;
•	 East–West: 62 nT per year;
•	 Vertical: 52 nT per year.

A geomagnetic field map for the latitude range 30◦–75◦ N 
and longitude 15◦ W–45◦ E at is shown in Fig. 6. The plot 
is based on current World Magnetic Model (WMM) and the 
data provided by the NOAA/​NCEI.

A fluxgate magnetometer has been procured (see also 
Bemporad et al. 2021) in order to provide an estimate of 
these components. The main characteristics of the mag-
netometer are summarized in Table 1. The magnetometer 
outputs are connected to a USB-controlled 24-bit ADC 
(Analog to Digital Converter) also procured for SWELTO. 
With this configuration, the performances reported in 
Table 2 are expected.

Functional test campaigns have been performed in 
December 2020 and May 2021. During the last test cam-
paign, the in-house developed acquisition software has 
been used. The results show a good agreement between the 
expected performances and the measurements. A 50 Hz 
component was present in the measurements. The use of 
shielded cables combined with the use of a low-pass filter 
will fix this problem. As example, the power spectral den-
sity (PSD)for one channel is depicted in Fig. 7. The 50 Hz 
component is clearly visible. In the next future (after all the 
electric problems related to the lightning strike mentioned 
above are solved), the magnetometer will be installed in the 
wood nearby the Observatory to start monitoring the geo-
magnetic field.

2.2.3 � SW outreach and bulletins

After a period of tests and experiments based on the crea-
tion of weekly SW reports, in April 2022, we began a col-
laboration with the INAF Educational project called “Sorve​
gliat​i Spazi​ali” (“space surveillance”) to provide monthly 
bulletins. The experimental edition was released on the 
“SWELT​O TV” YouTube channel. In this test phase, we 

Fig. 5   The new antenna for the 
“SIDmonitor module” (left) and 
an example of acquisition on 
April 21, 2021 (right). Different 
curves in the right panels show 
different frequency bands (see 
text)

https://www.ngdc.noaa.gov/geomag/calculators/magcalc.shtml#igrfgrid
https://sorvegliatispaziali.inaf.it/
https://sorvegliatispaziali.inaf.it/
https://www.youtube.com/%40sweltotv6781
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posted 12 videos with a duration of 3–7 min regarding the 
observed solar activity during different phases of the solar 
cycle, achieving an average of 90 views each.

The new series of monthly SW bulletins entitled “Che 
Sole che fa” is now published on the “Sorve​gliat​i Spazi​ali” 
website (see Fig. 8) and reposted by MEDIAINAF TV, the 
institutional YouTube channel with more than 46,000 sub-
scribers. The news about the SWELTO bulletins was also 
broadcast on TV by TG Leonardo, the national science and 

environment newscast. At the time of writing, we published 
15 monthly videos starting from April 2022, achieving a 
total of 21,750 views, an average of 1450 views for each 
video, and a peak of 3836 views for a single video.

2.3 � Helianthus

Helianthus is a technological development program funded 
by the Italian Space Agency for a Phase A study of a SW sta-
tion with solar photonic propulsion. Helianthus is designed 

Fig. 6   WMM map of the geo-
magnetic field (total intensity)

Table 1   Main characteristics of the fluxgate magnetometer procured 
for SWELTO (see text)

Characteristic Value

Channels 3 + 1 (temperature)
Magnetic field range ±60 μT
Operational temperature range − 40 to + 70 ◦C
Scaling factor 166 mV∕μT

Offset temperature coeff. ±0.3 nT∕◦C

Table 2   Expected performances of the fluxgate magnetometer pro-
cured for SWELTO (see text)

Performance Value

Resolution 7 pT
Accuracy < 15 pT 

(after cali-
bration)

Sampling frequency 10 Hz

Fig. 7   Example of power spectral density for x-channel (limited to 
400 Hz). Measurements of December 2020. Sampling frequency of 
4096 Hz

https://sorvegliatispaziali.inaf.it/
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to have a synchronous orbit positioned at about 7 million km 
from Earth toward the Sun, thus much closer to the Sun with 
respect to historical SW instrumentation, which is typically 
orbiting the Earth or the Sun–Earth L1 at 1.5 million km 
from Earth. The sub-L1 position (Fig. 9) guarantees an ear-
lier detection of solar eruptive events of about 1 h in advance 
with respect to stations positioned in L1 or in geostationary 
orbits. The mission PI is Prof. C. Circi of Università di Roma 
La Sapienza. INAF is responsible for the definition of the 
strawman scientific payload.

The scientific payload will be hosted at the center of a 
40 m wide sail and will comprise:

•	 Remote-sensing instruments: an X-ray diode detector to 
detect Solar Flares and SailCor, a compact coronagraph 
with a wide field of view (FOV).

•	 In situ instruments: a plasma analyzer and a magnetom-
eter.

The peculiarity of a sailcraft imposes severe constraints 
on the dimension and weight of the payload. The payload 
overall mass shall not exceed 5 kg.

Both the X-ray detector and the in  situ instruments 
have a flight heritage (technological readiness level—
TRL: 8–9) and are matching the mission constraints in 
terms of volume and weight. The magnetometer has been 
developed by NASA GSFC and basically is a simple RL 
circuit with a working principle similar to a fluxgate. 
The plasma analyzer is borrowed from the one developed 
by NOAA/NASA and has a strong heritage based upon 
the Rosetta mission (instrument RPC/IES) (Burch et al. 
2007). The X-ray spectrometer is a single-diode Amptek 
XR100FASTSDD, which has a flight heritage but has nev-
ertheless been tested in the laboratory in order to guar-
antee the suitability of its performance for flare monitor-
ing purposes. The laboratory activity has been run at the 
XACT (X-ray astronomy calibration and testing) INAF 
laboratory in Palermo. The only instrument that needed a 
development matching the mission constraints is SailCor, 
the wide FOV coronagraph selected for Helianthus.

Fig. 8   Examples of screenshots from the monthly SW bulletins published on the “Sorve​gliat​i Spazi​ali” website

Fig. 9   A sketch of the orbital geometric configuration allowing moni-
toring of interplanetary medium closer to the Sun with respect to the 
Lagrangian point L1—thanks to the photonic propulsion (adapted 
from Boni et al. 2023)

https://sorvegliatispaziali.inaf.it/
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A coronagraph aims at observing the solar corona, a mean 
that in the visible is more than 6 orders of magnitude fainter 
than the photosphere, which is very close in angle. The pho-
tospheric light, diffracted by the occulters and scattered by 
the optics, can easily overwhelm the coronal light on the 
focal plane. Consequently, particular care shall always be 
reserved for stray light reduction in designing coronagraphs.

A possibility in constraining mass and dimension, while 
guaranteeing a low stray light level, is offered by some 
recent advances in solar coronagraph stray light analysis. A 
numerical work of Gong and Socker (2004) introduced the 
concept of the focusing effect induced by the entrance aper-
ture (EA) on the light diffracted by the external occulter. The 
classical externally occulted coronagraph design foresees 
three optical stages (Lyot 1932; Evans 1948):

•	 First stage: an external occulter (EO) positioned in front 
of the EA of the telescope.

•	 Second stage: an internal occulter (IO) conjugated to the 
EO with respect to the primary optics, in order to block 
the light diffracted by the EO and imaged by the primary 
optics.

•	 Third stage: a stop (called Lyot stop) conjugated to the 
EA, in order to block the light diffracted by the EA and 
imaged by the primary optics.

By taking advantage of the focusing effect of the EA on 
the diffraction as simulated by Gong and Socker (2004), the 
classical Lyot (1932) and Evans (1948) designs of solar cor-
onagraph can be revolutionized. With a suitable optimization 
of the external occulter geometry and careful positioning of 
the internal occulter close but before the primary focal plane, 
the successive stages of the coronagraph can be removed and 
the detector positioned directly at the primary focal plane. 
With only one stage, the resulting instrument is considerably 
shorter and lighter.

A SailCor prototype was designed and manufactured in 
order to experimentally demonstrate the feasibility of the 
single-stage coronagraph. The measurements were carried 
out at the INAF OPSys (Optical Payload System) facility 
in Torino (Capobianco et al. 2019) in front of a solar diver-
gence simulator. A photo of the setup is shown in Fig.  10. 
The measurement campaign was extremely successful: for 
the first time the focusing effect of the EA on the light dif-
fracted from the EO was experimentally proven and the 
feasibility of a single-stage coronagraph was demonstrated.

2.4 � Selene

The Solar Exploration by Lunar Eclipsing with Nanosatel-
lites Experiment (SELENE) is a proposed SW mission with 
Moon orbiting observatories utilizing lunar limb occultation 
of the solar disk for detection and propagation prediction 

of Earth-directed CMEs. At the same time, SELENE will 
monitor the heliospheric particle radiation (electron, ions) 
and magnetic field environment of the Earth–Moon system.

The fastest Earth-directed CMEs can reach our planet in 
as little as 15–18 h. Slower CMEs can take several days 
to arrive. Therefore, remote-sensing observations of CMEs 
provide a valuable early warning of SW-relevant events. 
Unlike coronagraph telescopes that need complex external 
and internal occultation systems, in each orbit, the Moon 
will create a natural eclipse. This greatly simplifies the opti-
cal system with respect to classical coronagraphs, and it can 
fit a small satellite. The SELENE Moon orbiting solar tel-
escope would greatly increase the frequency and duration of 
solar coronal eclipse observations (hourly to daily) utilizing 
lunar limb occultation of the solar disk. Near apolune, in 
the anti-sunward orbit, a simple telescope onboard a cubesat 
could view fully around the circumference of the lunar dark 
side the large-scale halo structures associated with CMEs 
events approaching geospace. In the sunward–perilune orbit, 
SELENE would be ideal for in situ measurements with field 
and plasma probes of the upstream solar wind not perturbed 
by geomagnetic effects. Data time shifts of several days, 
dependent on solar wind radial speed, would allow a direct 
correlation between the remotely observed CMEs and the 
energy distributions of the arriving electrons and ions at the 
lunar orbit.

The strawman payload would include:

•	 Coronal Wide-Angle Imager with the wide field-of-view 
objective and CMOS sensor

•	 X-ray sensor for solar flares detection
•	 In situ instrumentationPlasma Analyzer

Fig. 10   Picture of the SailCor prototype in front of the solar simulator 
source at the OPSys facility in Torino
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•	 Magnetometer

SELENE will be relevant for SW studies and solar activ-
ity monitoring also with respect to human presence on the 
Moon. The “natural eclipse” by the Moon’s occultation of 
the sun disk has the advantage of providing a FOV cover-
age of the solar corona that, with the “artificial eclipse” by 
the classical coronagraphic occulting systems, would take 
several complex coronagraphs with “nested FoVs” to have. 
The large dynamic range of the coronal brightness cannot 
be covered by a single coronagraph due to the far different 
levels of stray light produced by the diffraction from the 
different coronagraphs’ over-occultations. More complex 
coronagraphs, with different “nested” FoVs (e.g., SOHO/
LASCO-C1, -C2, -C3 and STEREO/COR1 and COR2) have 
to be used to image the inner corona (i.e., 1.5–3.0 R sun ) and 
the outer heliosphere (i.e., up to 20–30 R sun ). On the other 
hand, the negligible diffraction from the Moon’s occulta-
tion on SELENE allows the Coronal Wide-Angle Camera—
which has no occulters—the possibility of imaging the solar 
corona over a wide range of heliocentric heights, just by 
changing the exposure times.

In Fig.  11, the insets (a, b) are the images of the same 
halo CME observed by LASCO-C2 and LASCO-C3, respec-
tively, as it expands. Their “nested” FoVs span from 2 R sun 
to 6 R sun in LASCO-C2 (a) and from 4 R sun to 30 R sun in 
LASCO-C3 (b). In inset (b), the FoV of LASCO-C2 is 
shown scaled to that of LASCO-C3. The insets (c, d) show 

how the same expanding halo CME would be observed by 
the Coronal Wide-Angle Camera onboard SELENE orbiting 
the Moon at its apolune of 10 Moon radii.

3 � Space‑weather enabling science projects

3.1 � Solar orbiter/Metis

Solar orbiter (Müller et al. 2020) is an international collabo-
rative mission between ESA and NASA that will explore the 
Sun and heliosphere from close up and out of the ecliptic 
plane, carrying for the first time remote-sensing instrumen-
tation. It was successfully launched on February 10, 2020, 
from Cape Canaveral (Florida, US) and it is now operating 
in its nominal mission phase.

The main goal of the Solar Orbiter mission is to address 
key questions in Solar Physics related to how the Sun creates 
and controls the heliosphere, and why solar activity changes 
with time. Addressing these questions will be made pos-
sible, thanks to the mission’s unique orbital profile, with 
a minimum perihelion distance to the Sun of 0.28 AU and 
an out-of-ecliptic vantage point that will reach ∼ 30◦ helio-
graphic latitude, and its comprehensive suite of in situ and 
remote-sensing instruments.

Metis (Antonucci et al. 2020; Fineschi et al. 2020) is the 
coronagraph included in the payload of Solar Orbiter. This 
innovative instrument, based on the SOHO/UVCS heritage 
and diagnostic methods, is designed to simultaneously image 
the full off-limb solar corona between 1.7 and 9 R⊙ in both 
polarized visible light (broad-band between 580–640 nm) 
and UV Hı Lyman-� ( 121.6 ± 10 nm), at high spatial and 
temporal resolutions. The annular field of view of the coro-
nagraph can span over a wide range of heliocentric distances 
depending on the distance of the spacecraft from the Sun.

Metis has been developed specifically to exploit the Dop-
pler-dimming technique to infer the outflow speed of the 
solar wind, and to address the following scientific objectives 
in the context of the Solar Orbiter science questions:

•	 investigation of the coronal regions where the solar wind 
is accelerated;

•	 investigation of the regions where the early propagation 
of CMEs occurs;

•	 identification and characterization of CME-driven shock 
fronts accelerating particles in the solar corona;

•	 study of the global magnetic configuration of the solar 
corona by the identification of the closed and open mag-
netic field regions.

The Solar Orbiter mission was not conceived for specific 
SW applications which crucially depend on the real-time 
availability of solar and heliospheric data. In fact, due to 

Fig. 11   Panels a and b are the images of the same halo CME 
observed by LASCO-C2 and LASCO-C3, respectively, as it expands. 
Their “nested” FoVs span from 2 R sun to 6 R sun in LASCO-C2 (a) 
and from 4 R sun to 30 Rsun in LASCO-C3 (b). In panel b, the FoV of 
LASCO-C2 is shown scaled to that of LASCO-C3. Panels c, d show 
how the same expanding halo CME would be observed by the Coro-
nal Wide-Angle Camera onboard SELENE orbiting the Moon at its 
apolune of 10 Moon radii
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the peculiar mission specifications, the data have sometimes 
long latency in the download, especially when the spacecraft 
is at a great distance from the Earth. Nevertheless, Solar 
Orbiter’s instruments can allow correlative studies to pro-
vide a complete physical description of the plasma involved 
in the dynamical processes of the solar atmosphere that drive 
the SW (see Sect. 4).

In particular, Metis observations offer the possibility to 
map the electron density distribution (through the inversion 
of the polarized visible light data) and the outflow velocity 
of the neutral hydrogen/proton component of the solar wind 
in the corona, providing constraints on the characteristics of 
the ambient medium in which CMEs and other CME-driven 
phenomena originate and propagate.

Metis can automatically detect CMEs entering the instru-
ment field of view, thanks to an automated CME detection 
algorithm implemented on board, which is based on the 
analysis of the visible light intensity variations in the eight 
angular sectors 45◦-wide that make up the annular FOV 
(Bemporad et al. 2014). During the out-of-ecliptic phase of 
the Solar Orbiter mission, Metis will be able to infer the lon-
gitudinal distribution of the solar wind streams and CMEs, 
and single out those potentially affecting the Earth. The 
properties of the plasma streams and ejections observed by 
Metis in these cases can provide alternative, essential input 
to the existing CME propagation models, allowing for their 
assessment and/or improvement, as well as the development 
of new ones.

3.2 � PROBA‑3

PROBA-3, “PRoject for On-Board Autonomy”, is an ESA 
mission composed of two spacecraft dedicated to the in-
flight demonstration of precise formation flying metrology 
concept and maneuvers, including formation acquisition, 
maintenance, resizing and re-targeting. To this end, dif-
ferent metrology instrumentation will be operated to align 
the two spacecraft down to sub-millimeter accuracy level. 
When aligned, the two spacecraft (due to launch in July 
2024) will realize a giant externally occulted solar corona-
graph, with the telescope (named ASPIICS: Association of 
Spacecraft for Polarimetric and Imaging Investigation of the 
Corona of the Sun) on one satellite and the external occulter 
on the other one, at inter-satellite distance of 144 m. The 
PROBA-3/ASPIICS coronagraph will examine the structure 
and dynamics of the corona in a crucial region by filling the 
gap between the typical fields of view of UV-VIS imagers 
and externally occulted coronagraphs (see Fig. 16).

INAF played an important role within the consortium that 
realized the ASPIICS coronagraph. In particular, it was the 
leading institute for the realization, testing, qualification and 
calibration of the Shadow Position Sensors (SPS), one of the 
most accurate metrology systems on board of the mission. 

The observation of the Sun’s Corona in the field of view 
[1.1;3.0]R⊙ plays the role of formation flying validation. 
Furthermore, the high accuracy expected by the metrology 
control loop, combined with the mission geometry and loca-
tion, permits to obtain high spatial and temporal resolution 
images of the Solar Corona in a region very close to the 
limb, as never done before.

For this reason, in June 2017, the ESA Science Pro-
gramme Committee endorsed the mission for additional 
backing through the Directorate of Science and INAF 
becomes part of the Science Working Team, as well 
(Fig. 12).

PROBA-3 will observe the Corona for two orbits per 
week on average, over a full mission of 2 years, yielding to 
an improvement of a factor 100 in the duration of uninter-
rupted observations in comparison with a total eclipse on 
Earth. The observation will be done throughout 6 spectral 
channels:

•	 1 wide band (5350–5650 Å);
•	 3 polarized white light;
•	 Fe XIV narrow band at 5304 Å;
•	 He D3 narrow band at 5877 Å.

over a frame of 2048 × 2048 pixels with a scale of 2.8 arcsec/
pixel, with an image cadence of 1 image/2 s, and over a FoV 
= [1.098; 3.0] R ⊙ . The accurate positioning of the spacecraft 
with a large separation between the external occulter and 
the ASPIICS coronagraph permits minimizing the straylight 
generated by the occulter on the scientific images. This rep-
resents the most innovative aspect of making accessible a 
coronal region very close to the limb of the Sun. Overall, 
PROBA-3 will permit:

•	 To observe the transition between closed-field regions 
(magnetic field dominated) and open-field regions (solar 

Fig. 12   PROBA-3 FoV compared to solar orbiter
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wind dominated) that are poorly observed by other mis-
sions (SOHO, SDO, PROBA2);

•	 To track the connectivity of coronal structures to the 
solar surface and, in combination with state-of-the-art 
MHD models, to allow determining reliably on the large-
scale coronal magnetic field configuration;

•	 To investigate the fine structure and dynamics of the 
corona in that region where energy from eruptive events 
and magnetic free energy is converted into radiative 
energy and kinetic energy of plasma motions.

PROBA-3/ASPIICS will perform stereoscopic coronagraphy 
with Solar Orbiter/Metis and most of the sources of CMEs 
and solar will be measured in situ by Parker Solar Probe and 
Solar Orbiter. PROBA-3 represents a cornerstone mission 
for the monitoring and diagnostic of the main solar events 
and plays a key role in the SW programs.

3.3 � HEMERA

HEMERA is a project for the flight of stratospheric balloons 
with scientific payload, founded by the European Commis-
sion, within the Horizon 2020 program, and coordinated by 
the French space agency CNES. The consortium involves 
13 partners from six European countries and Canada. The 
user community can fly their scientific instrumentation on 
stratospheric Zero Pressure Balloons (at altitudes of about 
35 km) from the range Esrange (Sweden, within the Artic 
Polar Circle), or from that of Timmins (Ontario, Canada).

The Solar Physics group of the INAF-OATo is involved 
in the HEMERA project with the telescope Coronagraph 
Magnetograph experiment, CorMag, which is an internally 
occulted 50 mm diameter aperture coronagraph, flying with 
a zero-pressure stratospheric balloon mission, for the study 
of the magnetic field topology of the solar corona. CorMag 
acquires linearly-polarized images of the solar corona, in a 
0.5 nm wide band-pass centered on the coronal emission 
FeXIV at 530.3 nm line, and off-band at 532.3 nm (Fineschi 
et al. 2021). The CorMag experiment flew for the first time 
from the Timmins range (Ontario, Canada) on the 17th of 
August 2022.

This instrument benefits from the heritage of the projects 
ASPIICS and Antarcticor, the second being its prototype, 
designed for coronal observations from the Antarctic Ital-
ian–French Station Concordia. The scientific activities with 
the Antarcticor prototype were carried out during two cam-
paigns in Antarctica in 2018/2019 and 2019/2020 (Fineschi 
et al. 2019). The advantage of observing from high altitudes 
in the stratosphere, with respect to a classic ground-based 
coronagraph, is the virtual absence of atmospheric scatter-
ing, one of the worst obstacles for the coronal observations 
from the ground.

The internally occulted coronagraph optical principle is 
to make an image of the solar disk on an internal occul-
ter, which is a 3.7 mm diameter mirror after the telescope 
objective lens, which reflects the sun disk light to a trap, 
leaving the coronal radiation free to pass through a field 
lens, filter and camera lens assembly, and making an image 
of the corona on a detector with a linear polarizers mask. 
The surface brightness of the solar disk is about one mil-
lion larger than that of the corona, which is our scientific 
target, hence the most critical parts of the experiment are 
the blocking of the light from the solar disk and the instru-
ment stray-light suppression. For this purpose, the image 
of the Sun should be continuously centered in the internal 
occulter within 1 arcminute of tolerance. Moreover, during 
the detector exposures, the precision of the tracking must be 
kept within an accuracy of 10 arcsec, in order to obtain the 
necessary spatial accuracy in the coronal images.

The telescope is pointed to the Sun by means of an alt-
azimuth double fork mount, interfaced with the floor of the 
balloon gondola, which is suspended to the balloon. During 
flight, the gondola is subjected to different motions: rotation 
about its axis of less than 0.1 revolutions per minute, a coni-
cal pendulum motion of the flight train of typical frequency 
0.05 Hz and amplitude less than 0.1◦ , a wobbling/oscilla-
tion motion around its center of gravity below its attach-
ment point at the flight train, of frequency from 0.5 to 1.0 
Hz and amplitude from 0.1◦ to 0.5◦ . Therefore, an efficient 
pointing and tracking system is needed, on both azimuth and 
elevation angles, aiming to provide the pointing accuracy 
and stability, which are required by the scientific driver of 
coronal observation, in order to compensate for the motion 
of the gondola suspended to the balloon. The gondola itself 
is provided with an azimuth control system but its relatively 
low accuracy is not compatible with the pointing and track-
ing requirements of CorMag. Moreover, the gondola has no 
control in elevation.

The pointing and tracking system of CorMag is composed 
of the Sun Sensor Assembly (SSA), which is composed of 
two sun sensors, one with a large field of view (FoV), ± 
60◦ , and one with a narrow FoV, ± 2 ◦ . Two different sen-
sors with different FoVs are required, as a first wide field 
and relatively coarse sensor is designed to put the Sun in 
the FoV of the narrow field sensor, having a higher accuracy 
for the fine tracking. They are basically two pin-hole cam-
eras, making an image of the Sun on a quadrant photodetec-
tor device. The incidence angle of the rays from the Sun 
is measured both in azimuth and elevation, by the induced 
photocurrents from the four quadrants of the detector, which 
are converted in azimuthal and elevation angles, and are sent 
to the control unit of CorMag. The accuracy and the preci-
sion of the larger FoV ( ± 60◦ ) sensor are respectively better 
than 0.4◦ and 0.06◦ , while the accuracy and the precision of 



1069Rendiconti Lincei. Scienze Fisiche e Naturali (2023) 34:1055–1076	

1 3

the smaller (± 2 ◦ ) FoV sensor are respectively better than 
0.002◦ and 0.001◦.

Typical temperatures reached by the scientific experi-
ments during the ascent and the float phase, as can be 
deduced from past balloon missions, range from − 55 to 
+ 72 ◦ C. The operational temperature range of the SSA is 
between − 40 and + 85 ◦ C, and an external unit will control 
two heaters to ensure the sensor’s survival. The sun sensors 
will provide information regarding their temperatures in the 
telemetry (Fig. 13).

The advantages of using pin hole cameras and quadrant 
detectors, with respect to more traditional optical systems 
based on the use of lenses and CCD detectors, are that the 
first type of systems is simpler, hence less prone to fail-
ures, and easier to align and calibrate. Their weight is more 
than one order of magnitude lower than that of a classical 
telescope for Sun imaging (the weight of a sun sensor is 
of the order of hundreds of grams), the occupied volume 
is between 2000 and 3000 mm3 , and last but not least the 
analysis of the signal from the detectors does not need elabo-
rated software for image recognition.

The scientific part of the mission will last a 3–6 h. Start-
ing early in the morning, the ascent phase from the Timmins 
range will take a couple of hours, during which functional 
tests of the different subsystems will be performed, and just 
before reaching the float altitude, which typically ranges 
from 30 to 35 km, the on-flight calibrations will start, by 
taking images of the Sun through the neutral density filter 
of the front door, which will be kept closed, until the float 
altitude will be reached and the actual observations of the 
corona will start. The float phase will last about 10 h, during 
which CorMag will alternatively share the observation in the 
Sun direction with other instruments of the payload. As the 
telemetry to the ground is limited, allowing only sending 

quick look images for calibration and pointing, data will 
be stored on-board and recovered after the landing. In the 
descent phase, the gondola will be released, and the para-
chute will give an acceleration of about 10 g vertically (at 
the take-off 10 g vertically and 5 g laterally). Hence, for the 
safety of the instrument and also of the flown over areas, 
the telescope is properly designed to withstand the resulting 
mechanical solicitations.

After the CorMag’s first flight on August 17, 2022, where 
the slar pointing and tracking system was tested successfully, 
on August 8, 2023 the coronagraph acquired images of the 
corona in the polarized emission line of the FeXIV, 530.3 
nm. Figure 14 shows the instrument operating at strato-
spheric altitude during the August 8, 2023 flight.

4 � SW enabling science research

4.1 � Solar wind with remote‑sensing data

The solar wind is a supersonic outflow of completely-ionized 
plasma which continuously flows from the solar corona into 
interplanetary space. It is composed of approximately equal 
numbers of ions and electrons; the ion component consists 
predominantly of protons (95% ) with a contribution of a few 
percent of alpha particles (doubly ionized helium nuclei) 
and, much less abundant, heavy ions in different ionization 
stages.

Different regions of the Sun produce solar wind of dif-
ferent speeds, densities and compositions. Coronal holes 
produce solar wind of high speed, ranging from 500 to 
800 km/s. We suggest to read the reviews about some of 
the solar wind results obtained by spectroscopic data and 
summarized by, e.g., Antonucci (2006), Kohl et al. (2006), 
Abbo et al. (2016), Cranmer et al. (2017) and Cranmer and 
Winebarger (2019). At solar minimum activity, the north 
and south poles of the Sun have large, persistent coronal 
holes, so high latitudes are filled with fast solar wind (see 

Fig. 13   The balloon and the gondola with the scientific payload on 
the runway of the Timmins airport, on the launch morning

Fig. 14   CorMag coronagraph on the gondola operating at strato-
spheric altitude during the August 8, 2023 flight
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Fig. 15). In the equatorial plane, where the Earth and the 
other planets orbit, the most common state of the solar 
wind is the slow speed with values of about 400 km/s 
(e.g., Giordano et al. 1997). In this region is formed the 
so-called equatorial current sheet, a narrow surface within 

the extended solar atmospheres where the magnetic field 
of the sun changes polarity.

During quiet periods, the current sheet can be nearly flat. 
As solar activity increases, the solar surface fills with active 
regions; coronal holes and other complex structures appear 
even close to the equator, then the structure and speed of the 
solar wind and the position of the current sheet are modi-
fied. Because the Sun rotates every 27 days, the solar wind 
becomes a complex spiral of high and low speeds and high 
and low densities that looks like the skirt of a twirling bal-
lerina. When the high-speed solar wind overtakes the slow-
speed solar wind, it creates a so-called corotating interaction 
region. These interaction regions comprise a solar wind with 
very high densities and strong magnetic fields.

The study of the evolution of the current sheet, the coro-
tating regions, and the position of the Earth with respect 
to these structures is very important because the transient 
events of interest for space weather propagate from the Sun 
to the Earth by interacting with the surrounding medium. 
SW impacts are highly dependent on the solar wind speed, 
density, and the direction of the embedded magnetic field.

Each of the elements mentioned above plays a role in SW: 
in particular, high-speed winds produce geomagnetic storms; 
corotating interaction regions and, to a lesser extent, current 
sheet crossings can also cause geomagnetic disturbances. 
Thus, the study of solar wind characteristics is critical to 
developing forecasts for SW and its impacts on Earth.

The INAF/OATo group has long experience in determin-
ing the speed of the solar wind from various solar struc-
tures at different periods of the solar cycle, mainly based on 
the application of Doppler Dimming diagnostics to UVCS 
spectroscopic data from SOHO mission (e.g Giordano 
et al. 1997; Dolei et al. 2018; Bemporad et al. 2021). More 
recently the data of the Metis instrument, operating on board 
the Solar Orbiter since 2020, enable to make maps of wind 
speed in a field of view ranging from 1.5 to over 10 solar 
radii (Romoli et al. 2021). Moreover, the group is developing 

Fig. 15   Solar wind speed and magnetic polarity (red and blue rings) 
as a function of heliolatitude measured by ESA/NASA deep-space 
mission Ulysses at large distances from the Sun ( ≥ 1 AU), overlaid 
with solar disk image taken with the NASA/GSFC EIT instrument 
(center) and with the solar corona image taken with NRL LASCO C2 
coronagraph (background image) (McComas et al. 1998). In the outer 
corona, the map of the O VI doublet intensity ratio obtained with 
UVCS/SOHO instrument represents the slow (green) and fast (red) 
solar wind as inferred by Doppler dimming diagnostics at the time 
of the minimum of solar activity (Giordano et al. 1997). The Ulysses 
speed measurements have been color-coded to indicate the orientation 
of the observed Interplanetary Magnetic Field: red for outward point-
ing and blue for inward

Fig. 16   Pseudocolor plots of the 
plasma number density (left) 
and radial speed (right) on the 
ecliptic plane as obtained with 
Reverse In situ data and MHD 
APproach (RIMAP) from the 
January 2018 in situ observa-
tions (Biondo et al. 2021)
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the expertise to reconstruct plasma parameters in interplan-
etary space based on in situ and low corona observations 
where the wind is accelerated (see Fig. 16 from Biondo et al. 
2021).

4.2 � CMEs with remote‑sensing data

4.2.1 � General introduction

CMEs are energetic events that involve the expulsion of huge 
amounts of plasma (masses up to 1016 g) and magnetic fields 
into the solar wind, thus representing, together with solar 
flares, one of the most spectacular examples of explosive 
energy release from the Sun. Due to the close connection 
between CMEs and flares, the magnetic reconnection mech-
anism is supposed to play a major role in CME eruption 
and evolution. These transient coronal events, whose speeds 
range from just a few hundred up to 2500 km s −1 , are known 
to drag along the expanding magnetic field, usually in the 
shape of helical field lines, (i.e, a flux rope), and propagate 
from the Sun into the heliosphere.

Although CMEs are associated with other energetic solar 
events, such as flares, eruptive prominences, shocks, EUV 
waves, their interrelationships are not fully understood as 
yet, and further work is needed to improve our understanding 
of these phenomena. As for the flux rope component, we do 
not know at present whether it is a pre-existing feature (that 
is, a magnetic flux rope emerging from the sub-photosphere) 
or it is formed by magnetic reconnection during the eruption 
itself (Romano et al. 2014).

Nowadays, research on CMEs is very important for both 
scientific and technological reasons (see e.g., Temmer 2021). 
In fact, since CMEs transport both plasma and magnetic 
energy from the solar corona to the heliosphere, they con-
stitute the main cause of extreme SW events. In particular, 
when CMEs are directed toward the Earth, they can cause 
huge geomagnetic storms that may affect both our ground- 
and space-based technology, thus contributing to spacecraft 
damages, GPS and radio interference, energetic particle radi-
ation (a danger for astronauts or airplane crew), and so on.

In general, CMEs present a tripartite structure (see 
Fig. 17):

•	 the leading edge represents the foremost expanding 
bright-front structure. Its characteristics have been attrib-
uted to various physical mechanisms. Typical explana-
tions are that the structure is due to either a piston-driven 
shock wave ahead of the CME or to background magnetic 
field lines filled with plasma and stored by a compression 
front. In particular, the arcades of the erupting flux rope 
may be stretched, with the consequence of the compres-
sion of coronal plasma on the outer side of the field line 
and local increase of density (Chen 2011);

•	 the dark cavity, lying inside the leading edge, is gener-
ally interpreted as the expanding flux rope still anchored 
to the solar surface;

•	 the bright core, surrounded by the cavity, corresponds 
instead to the eruptive prominence or plasma material 
expelled from the active region.

4.2.2 � Recent research on CMEs carried out in OATo

The INAF-OATo group carried out research on CMEs 
mostly based on the analysis of data (images and spectra) 
acquired from space-based observatories, such as SOHO, 
STEREO, SDO, Hinode, and most recently Solar Orbiter, 
complemented also with ground-based radiodynamic spec-
tra. The research focused over the last 5 years on many dif-
ferent topics, starting from the studies of CME-driven shock 
waves combining EUV images of the inner corona and radio-
dynamic spectra allowing to identify the source of type-II 
radio burst (Frassati et al. 2019), reconstruct in 3D the shock 
properties (Mancuso et al. 2019, 2023), measure the jump 
conditions (compression and heating) across a shock wave 
(Frassati et al. 2020), report the first unambiguous obser-
vational evidence in the radiorange of the reflection of a 
coronal shock wave at the boundary of a coronal hole (Man-
cuso et al. 2021), and characterize the statistical properties 
of the so-called “stealth CMEs” (Ying et al. 2023). Other 
works combined remote-sensing and in situ data to identify 
the most probable source of Solar Energetic Particle (SEP) 
acceleration (Frassati et al. 2022) and study the CME–CME 
interactions (Telloni et al. 2021).

Physical CME parameters and features can be effectively 
derived by combining different wavelengths and techniques. 

Fig. 17   A typical example of a tripartite CME as seen with a space-
based coronagraph, showing the bright core, the dark cavity, and the 
leading edge
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From VL and UV data, it is possible to estimate the tem-
perature and thermal energy evolution of CMEs (Bemporad 
2022), studies that required also the previous development 
of new diagnostic techniques (Ying et al. 2019; Bemporad 
et al. 2018) based also on numerical modeling (Pagano et al. 
2020). Recently, thanks to the availability of data acquired 
by Solar Orbiter, it was shown that 3D reconstruction of 
CMEs can be performed by stereoscopic observations 
employing EUV and VL data (Andretta et al. 2021), and 
that interesting different morphologies appear in the com-
parison between VL and UV images (Bemporad et al. 2022) 
as shown in Fig. 18.

4.3 � Solar wind and CMEs with in situ data

In situ measurements acquired by spacecraft in orbit around 
the Lagrangian point L1 can be fruitfully used to provide 
short-term, even highly accurate, predictions. Telloni et al. 
(2019) developed a novel tool to detect and characterize the 
ICMEs, and to forecast their geo-effectiveness. Specifically, 
the localization of the ICMEs is enabled by the concurrent 
identification of the helical properties of the embedded flux 
rope and an increase in total (thermal plus magnetic) pres-
sure with respect to the unperturbed, pressure-balanced solar 
wind (Gosling et al. 1994). The energy content of ICMEs 
is instead used to assess their geo-effectiveness likelihood: 
only highly energetic ICMEs (either magnetically or kineti-
cally) are indeed likely to transfer a large amount of energy 
to the Earth’s magnetosphere and, therefore, induce geomag-
netic disturbances. This tool was tested over a 12-year period 
and proved to be very reliable in predicting geo-effective 

ICMEs (86% (100%) of the weakest (most intense) geo-
magnetic storms were actually accurately predicted) with 
an advance warning lying between 2 and 8 h in 98% of the 
cases.

Telloni et al. (2020) dealt with the relationship existing 
between solar wind energy and geomagnetic activity. The 
authors found a clear statistical correlation between the 
energy carried by the incoming solar wind as measured at 
L1 and the level of geomagnetic activity, quantified by the 
Dst-index. This led to the definition of an empirical law for 
the maximum response of the Earth’s magnetosphere to any 
solar event, which also allows for assessing whether there 
is no need to provide any alert. Indeed, for very low-energy 
solar wind plasmas, the empirical relationship predicts a 
DST remaining above − 50 nT, that is, no significant geo-
magnetic activity. Finally, Telloni et al. (2021) found a rela-
tionship to predict the duration of the recovery phase of any 
geomagnetic event. Specifically, it turned out that the length 
of the recovery phase depends on the presence of Alfvénic 
streams following the solar event (either a CME or a CIR) 
that triggered the geomagnetic disturbance. This piece of 
information is very important for ground-based technologies 
and infrastructure that are affected by the integrated effects 
of geomagnetic disturbances throughout the storm.

The results of the three works cited above and their pos-
sible applications to SW science are summarized in Telloni 
(2022). The aforementioned studies are complemented by 
the use of deep learning techniques applied to in situ data. 
This has enabled the delivery of a prediction tool that pro-
vides, with 75% reliability, an alert of any geomagnetic event 
up to 4 h in advance (Telloni et al. 2023). Since the travel 

Fig. 18   Example of a CME observed by the Metis coronagraph on-board Solar Orbiter in both VL (red color scale) and UV Lyman-� (light blue 
color scale) at 4 different times between February 12–13, 2021 (adapted from Bemporad et al. 2022)
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time from L1 to Earth of any CME approximately varies 
from half an hour to an hour, this has also shed light on the 
time the Earth’s magnetosphere needs to respond to a solar 
event and thus represents a step forward for magnetospheric 
studies. Indeed, since the difference between the detection 
of the CME at L1 and the onset of the geomagnetic storm is 
about 4 h, as statistically evidenced in Telloni et al. (2019) 
and corroborated by a machine learning approach in Telloni 
et al. (2023), and the time the CME takes to arrive at Earth 
is at most 1 h, it turns out that the Earth’s magnetosphere 
takes on average 3 h to get out of equilibrium once hit by a 
CME. This finding provides thus information on the physics 
behind the generation of ring currents and the corresponding 
timescales, opening up wide opportunities for the investiga-
tion of these as-yet underexplored topics.

5 � Summary

This paper summarized all the main SW projects, SW ena-
bling science projects, and SW enabling science research 
being currently carried out at the INAF-Turin Astrophysi-
cal Observatory (INAF-OATo). Thanks to instrument devel-
opment and new space mission designs, the provision of 
new data will significantly improve in the near future our 
capabilities to monitor solar activity and possibly predict its 
impact on Earth also with ground-based instruments. At the 
same time, the availability of these new data has to be cou-
pled with the development of new tools for their automated 
analysis, and also with the development of new numerical 
models for the improvement of prediction capabilities. All 
these skills are present within the solar physics group of 
INAF-OATo, where they work in synergy providing in the 
end an improvement in our physical understanding of the 
complex phenomena governing space weather.
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