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Abstract: This paper presents the project Comprehensive spAce wEather Studies for the ASPIS
prototype Realization (CAESAR), which aims to tackle the relevant aspects of Space Weather (SWE)
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science and develop a prototype of the scientific data centre for Space Weather of the Italian Space
Agency (ASI) called ASPIS (ASI SPace Weather InfraStructure). To this end, CAESAR involves the
majority of the SWE Italian community, bringing together 10 Italian institutions as partners, and a
total of 92 researchers. The CAESAR approach encompasses the whole chain of phenomena from the
Sun to Earth up to planetary environments in a multidisciplinary, comprehensive, and unprecedented
way. Detailed and integrated studies are being performed on a number of well-observed “target
SWE events”, which exhibit noticeable SWE characteristics from several SWE perspectives. CAESAR
investigations synergistically exploit a great variety of different products (datasets, codes, models),
both long-standing and novel, that will be made available in the ASPIS prototype: this will consist
of a relational database (DB), an interface, and a wiki-like documentation structure. The DB will be
accessed through both a Web graphical interface and the ASPIS.py module, i.e., a library of functions
in Python, which will be available for download and installation. The ASPIS prototype will unify
multiple SWE resources through a flexible and adaptable architecture, and will integrate currently
available international SWE assets to foster scientific studies and advance forecasting capabilities.

Keywords: space weather; solar photosphere; solar chromosphere; solar corona; solar activity; solar
wind; solar energetic particles; earth’s magnetosphere; earth’s ionosphere; earth’s plasmasphere;
planetary space weather; galactic cosmic rays

1. Introduction

The understanding of basic processes of plasma physics from the Sun to Earth is a
unanimously recognised primary interest both for making significant scientific advances in
space weather (SWE) research as well as enhancing our capabilities to predict SWE effects
and ensure effective mitigation (e.g., [1]). Recently, the concept of SWE was extended
to planetary environments and is referred to as planetary space weather (PSW, [2,3]), in
which the solar activity variability and/or interplanetary space dynamics determine the
variability in planetary environments.

Despite many decades of extensive research across solar, interplanetary, magneto-
spheric/ionospheric, and planetary physics, the study of the chain of SWE-associated
phenomena, as well as the assessment of impacts and forecasting of SWE events, demands
a further continuing effort. In particular, there is a need for more comprehensive studies that
include multiple aspects of SWE when addressing the problem of the origin and evolution
of solar eruptive events, as well as the impact on Earth’s magnetosphere/ionosphere and
other planetary systems. Moreover, SWE spans a number of well-established communities,
but they have evolved independently over decades, utilising significantly different data
content, storage, and handling.

Efforts to support and foster scientific studies through dedicated databases (DBs),
and collections of disparate resources, including models and tools, are being pursued
by many institutions and organisations, including the National Aeronautics and Space
Administration (NASA), the European Space Agency (ESA), and many national agencies.

The USA National SWE Program Strategic Plan (started in 1995, reviewed and rede-
fined in March 2019) has the primary goal of discovering and understanding the physical
conditions and processes that produce SWE and its effects. Similarly, the NASA program
“Living With a Star” (LWS (https://lws.gsfc.nasa.gov, accessed on 1 September 2021))
focuses on the science needed to comprehend the aspects of the Sun and space environment
that most directly influence life and society. In addition, LWS supports scientific research
and technology investigations in key areas, spanning different scientific disciplines, as
well as the development of comprehensive models with forecasting capabilities. Such
strategic models are made available (e.g., via the Community Coordinated Modeling Cen-
ter (CCMC) (https://ccmc.gsfc.nasa.gov, accessed on 1 September 2021)) to be used by
the scientific community and to be potentially translated into operations. The National
Oceanic and Atmospheric Administration’s (NOAA) Space Weather Prediction Center

https://lws.gsfc.nasa.gov
https://ccmc.gsfc.nasa.gov
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(SWPC (https://www.swpc.noaa.gov, accessed on 1 September 2021)) is more operation-
oriented, providing the official space weather alerts and warnings for the United States and
multiple space weather monitoring datasets, as well as numerous products (tools, graphics,
and subsidiary datasets) to help research scientists in both understanding and making use
of the vast array of SWE information, as well as in forecasting the upcoming space activity
and in modelling longer-term outlooks for future events.

The ESA Space Situational Awareness (SSA) programme started in 2009 and ended
in 2019; in particular, the SSA SWE segment aimed at monitoring and predicting the state
of the Sun and the interplanetary and planetary environments, including Earth, which
can affect infrastructures, thereby endangering human health and safety. From 2020, the
ESA’s Space Safety programme has built on the work carried out by SSA. In this context,
the SWE Service Network is currently focusing on the development of both key models
and user-tailored services, as well as other building blocks to provide end users with
reliable and timely SWE information. The online component of the SWE Services can
be accessed via the SWE Portal (https://swe.ssa.esa.int, accessed on 1 September 2021).
Furthermore, the strategic orientations of the Horizon 2020 Program for the last few years
have specifically supported the production of SWE models and tools to improve forecasting
capabilities, with an emphasis on the connection between SWE physical processes occurring
sequentially or simultaneously in different domains.

During FP7 and H2020 Framework Programs, the European Commission financed
several projects with the aim of enhancing the efficiency of data access for heliophysics stud-
ies. Among those, it is worth citing HELIO [4,5], CASSIS [6], SOTERIA [7], HELCATS [8],
and HESPERIA [9]. These projects involved several partners from all over the world and
explored the many aspects of building open tools for data access and exploitation and
making those tools available to the extended SWE community.

In the Italian context, the Italian Space Agency (ASI) has produced a SWE roadmap [10]
for a long-term strategy to support the future scientific research of SWE and the realisation of
a national scientific data centre for space weather, termed ASI SPace Weather InfraStructure
(ASPIS), while strengthening synergies among the SWE/PSW Italian groups in a strong
collaborative environment. Therefore, the Comprehensive spAce wEather Studies for the
ASPIS prototype Realization (CAESAR) project was selected to reach such goals. CAESAR
is coordinated by the National Institute of Astrophysics (INAF) and is presented in this
manuscript.

CAESAR addresses scientific problems pertaining to the origin and evolution of solar
eruptive events and their propagation and impacts through an unprecedented, compre-
hensive, multidisciplinary, and integrated approach. This encompasses the whole chain of
phenomena from the Sun to Earth, as well as to other planets. In this endeavour, it is crucial
to exploit a variety of products (datasets, codes, models) that will ultimately populate the
ASPIS prototype. This is intended to unify multiple SWE resources in a flexible architecture
to allow users to perform advanced scientific studies, both through a web interface and a
dedicated application called ASPIS.py. A keyword metadata system will enhance search
capabilities, especially as data volumes grow with recorded events.

The ASPIS prototype will be open-source, allowing scientists to study problems
that span disciplinary boundaries. It will create an environment where researchers can
investigate, model, and uncover the linkage between solar phenomena, interplanetary
disturbances, and impacts on the planets (especially Earth).

In this article, we outline the basics of the CAESAR project: Section 2 provides an
overview, describing the objectives and work breakdown structure used; Section 3 describes
the science that CAESAR has been designed to address; Section 4 outlines the ASPIS
prototype; and Section 5 describes the methods used to disseminate the results. Conclusions
are drawn in Section 6.

https://www.swpc.noaa.gov
https://swe.ssa.esa.int
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2. CAESAR Overview

The scientific targets of CAESAR are multi-faceted, and its main objectives (amongst
others) include:

1. To advance our understanding of the origin and evolution of SWE phenomena;
2. To provide both new and long-standing data, codes, and models to populate the

ASPIS prototype;
3. To design the architecture and realise the ASPIS prototype with findability, accessibil-

ity, interoperability, and reusability data (FAIR-data), and flexible and user-friendly
infrastructure;

4. To pave the way for future reliable and advanced SWE forecasting capabilities;
5. To ensure the efficient dissemination of results and infrastructure and foster future

SWE studies.

In order to achieve these goals, CAESAR is organised into three nodes (NODE 1000,
NODE 2000, NODE 3000), managed and coordinated by the Work Package (WP) 0.1:
Management (Figure 1).

NODE 1000 is dedicated to scientific investigations that are performed to attain objec-
tives 1., 2., and 4. in the list above. In particular, it investigates all of the relevant aspects of
SWE in different domains (or science cases): the active Sun as the source of SWE drivers
(e.g., flares, coronal mass ejections (CMEs), solar energetic particles (SEPs)); interplanetary
space, where SWE drivers propagate determining perturbed conditions; solar-wind–Earth’s
magnetosphere coupling; Earth’s magnetosphere–ionosphere coupling; planetary space
weather; galactic cosmic ray modulation; and SWE hazards for technological systems and
human exploration.

As shown in Figure 2, NODE 1000 includes seven high-level (HL) WPs that reflect the
science cases described above. Based on the proposed scientific studies, HL WPs have one
contact person, each of different institutions according to the expertise needed to manage
and coordinate the investigations related to one application domain (e.g., the active Sun,
interplanetary space, and so on) as well as the interaction with other HL WPs. Moreover,
each HL WP comprises several individual WPs, in synergy with each other, managed
by a WP leader with recognised experience to address the specific tasks of each domain.
Nevertheless, a strong collaboration also exist between WPs of different HL WPs and with
the other two nodes.

NODE 2000 is dedicated to fulfilling objective 3. listed above. In order to develop
the ASPIS prototype, the NODE is organised into three HL WPs for: the database, the
interface, and the metadata structure (see Figure 3). Each HL WP is divided into three
WPs for specific activities (for instance, ASPIS design, ASPIS implementation, and product
management) that have a strong synergy with each other and with those of the other HL
WPs.

NODE 3000 is devoted to performing dissemination activities in order to reach goal
5. and is also divided into three WPs (see Figure 4) for: the construction of the CAESAR
website; the dissemination to the SWE scientific community, to students of universities
and schools, and to the general public; and the organisation of a workshop at the end of
the project.
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Figure 1. (Top) CAESAR logo (courtesy of Carmelo Magnafico). (Bottom) Work breakdown structure
of CAESAR.

Figure 2. Work breakdown structure of NODE 1000.
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Figure 3. Work breakdown structure of NODE 2000. Colors indicate institutions described in the
legend of Figure 2.

Figure 4. Work breakdown structure of NODE 3000. Colors indicate institutions described in the
legend of Figure 2.

3. CAESAR Science

SWE manifests in many forms, from the background solar wind and the interplanetary
magnetic field (IMF) frozen in the solar wind plasma to transient short-lived energetic
events, such as the sudden release of radiation into space by solar flares, the expulsion
of CMEs, EUV waves, and the acceleration of SEPs at CME-driven shocks and flare sites.
Ultimately, the Sun is the source of all SWE phenomena; therefore, the first domain of
investigation in the SWE chain is naturally devoted to understanding the solar conditions
that favour the development of solar eruptions and related energetic phenomena.

The eruptive phenomena originate in the evolution of the magnetic field through the
convective zone of the Sun (where the emergence and transport of magnetic fields occur) to
the solar atmosphere, i.e., photosphere, chromosphere, and corona [11–17]. These external
layers are the sites of explosive solar events connected to the reconfiguration of the magnetic
field, observed at the photosphere as magnetic footpoint motions, and the associated
energy release responsible for flares, CMEs, and SEPs [18,19]. The interconnectedness of
the underlying physical processes (the evolution of magnetic field in active regions, energy
build-up and release, triggering instabilities, magnetic reconnection processes, particle
acceleration mechanisms) is complex and still not fully understood [20]. Much work has
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been carried out within the Italian community regarding flare triggering (e.g., [21,22]),
SEP acceleration [23,24], and flare and SEP forecasting [25–27], also with the introduction
of new metrics and their evaluation through machine learning (ML) techniques [28,29].
Following such studies, the WP1100 aims to understand the link between features in
the layers of the solar atmosphere (e.g., the magnetic field in the photosphere, filaments
and prominences in the chromosphere, X-ray and EUV emission in the corona) and the
occurrence of the SWE drivers. For instance, photospheric magnetic imprints [30–32] and
chromospheric features such as bright faculae and dark filaments, which are indicative of
different modes of interaction between the solar plasma and localised magnetic fields, are
investigated in WP1110 and WP1120, respectively, for: evaluating the level of magnetic
activity, which has an important impact on the variability of the total solar irradiance,
and providing some hints on flare occurrence. Moreover, in the chromosphere, we are
studying important signatures of flare occurrence, such as filament activation and rising
during the pre-flare phase, bright ribbons, kernels, Hα post-flare loops, chromospheric
evaporation, and so on. Filament activation and rise, as observed in the chromospheric
Hα line, are in fact some of the well-known precursors of solar flares, and being able to
detect these signatures can be an important tool for providing an alert of an approaching
flare occurrence. Prominences observed on the limb can provide important hints on the
structuring of the active region’s magnetic field and are used as context information in case
of flare occurrence. In addition, WP1130 is developing several computational methods,
e.g., for the desaturation of EUV images, by using diffraction effects present in the EUV
saturated images to recover the physical and morphological information of the region that
emits the largest part of the energy. The desaturated images can then be used to better
study the EUV lower coronal dynamic structures [24,33,34] along with the CME kinematics
through coronographic images [35].

The propagation of SWE drivers in the interplanetary space [36–38] can create per-
turbed solar wind conditions strongly affecting the near-Earth/planets systems in different
ways [39–41]. Thus, it is mandatory to understand the processes involved in the dynamics
and propagation of solar wind perturbations (e.g., the CME structure, evolution of CME
magnetic clouds and shocks, solar wind drag, IMF field line meandering, particle diffusion),
and how the features of the background solar wind streams can be relevant from an SWE
perspective (e.g., turbulence, intermittency, Alfvenicity; [42,43]). In addition, the study
of the so-called energetic storm particles (ESPs, [44]) associated with in situ CME-driven
shocks represents a powerful way to test particle acceleration/transport theories (such as
diffusive shock acceleration, stochastic acceleration, drift/surfing acceleration, anomalous
diffusion) against in situ observations [45–51]. So far, our knowledge and understanding
of SWE phenomena in the interplanetary space has relied on observations mainly made
from Earth’s orbit. Currently, a new leap is possible for providing new insights by taking
advantage of the potential offered by the most recent space missions from different vantage
viewpoints. Indeed, novel and unprecedented high-resolution observations are being
recorded close to the Sun by the Parker Solar Probe ([52], 0.2–0.3 AU, launched in August
2018), Solar Orbiter ([53], 0.28–29 AU, launched in February 2020), and BepiColombo ([54],
0.29–0.4 AU, launched in October 2018). The WP1200 will contribute toward shedding
light on the mechanisms leading to the acceleration and transport of energetic particles
during SEP and ESP events and to perturbed conditions in interplanetary space through the
activities of WP1210 and WP1220, respectively. The WP1210 is analysing particle data to
obtain properties (e.g., flux profile, spectra) of SEP and ESP events from the aforementioned
fleet of spacecraft presently available. Data from the ground-based network of neutron
monitors complement the study of SEPs at relativistic energies when a ground-level en-
hancement (GLE) occurs. This WP is also performing a comparison of the obtained ESP
spectra with expectations of acceleration and transport models [49,51]. The role of magnetic
turbulence and intermittency nearby interplanetary shocks is also studied within WP1220,
in close collaboration with WP1210, to gain further insight into the role played by these
processes in particle acceleration and transport at interplanetary shocks. The properties of
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magnetic turbulence upstream and downstream of interplanetary shocks associated with
ESP events are analysed by calculating power spectral densities (PSDs) of the magnetic field
(see e.g., [55,56]). Moreover, in order to obtain information about the intermittency level
of turbulent fluctuations, the structure functions (SFs) of the magnetic field component
fluctuations are being computed.

Data from currently available spacecraft can also be utilised to assess the Alfvénicity
of solar wind streams by analysing the correlation between velocity and magnetic field
fluctuations and verifying the condition of near-incompressibility. Indeed, Alvfénic solar
wind streams have been shown to be related to high-intensity long-duration continuous AE
activity (HILDCAA)-like events (e.g., [43,57]) as monitored by the auroral electrojet (AE)
index, but also a long-recovery phase of the SYM-H index [58]. Therefore, this investigation
is carried out in synergy with WP1310 (see below) toward the aim of characterising the
magnetospheric dynamics related to these events both at high latitudes (auroral indices)
and low latitudes (e.g., SYM-H).

WP1220 investigates the evolution and propagation of CMEs in the interplanetary
space through a probabilistic drag-based model [59–61] by using the CME features obtained
by WP1100. The model evaluates the CME characteristics at arrival at Earth and other
planetary environments, which serve as an input to both WP1300 and WP1500. At these
locations, the large-scale magnetic configuration of the CME interplanetary counterpart is
also obtained through a Grad–Shafranov (GS) reconstruction [62–64]. This last activity is
developed in synergy with WP1610, where the results of the GS reconstruction of magnetic
clouds are used in the study of sporadic variations in galactic cosmic ray intensities, such
as Forbush decreases [64].

At Earth, the solar wind perturbations may cause highly disturbed states in the
magnetosphere and ionosphere during the so-called geomagnetic storms and substorms,
involving changes in the magnetospheric circulation and plasma energisation and intensi-
fication of the magnetospheric and ionospheric current systems [65–71]. The solar wind
momentum and mass are transferred most efficiently through the reconnection processes
during periods of southward IMF, so that the IMF orientation is a crucial parameter for the
geo-effectiveness of CMEs. Nevertheless, also during northward IMF periods, reconnec-
tion at the poleward of the cusps [72] or Kelvin–Helmholtz waves at the magnetosphere
flanks [73] can occur. As a matter of fact, the solar wind–magnetosphere–ionosphere cou-
pling results in a very complex system composed of largely different plasma populations
pervaded by a variety of current systems. The main population in terms of mass density is
the plasmasphere, an extension of the ionosphere to the magnetosphere up to 5–6 Earth
radii. It is mainly composed of cold plasma (∼1 eV) and its shape is highly influenced
by the geomagnetic activity. The plasmasphere partially overlaps with more energetic
plasmas, such as the ring current (1–500 keV), which dominate the energy density, and the
radiation belts (100 s of keV to MeV), which are mainly responsible for spacecraft damages
in the near-Earth region [74]. The cold plasma is central in the plasma-waves excitation
and interaction with ring current and radiation belts [75]. Moreover, dramatic ionosphere
modifications can be caused by ionising radiation from flares and SEPs. Despite many
phenomena being unveiled through in situ measurements made by near-Earth plasma
missions in the last few decades, all of the main aspects pertaining to this system that play
a crucial role for space weather, namely the energy and plasma transfer from the solar
wind, the system internal response—chiefly related to the magnetotail physics—and the
system coupling with the ionosphere, are still far from being fully comprehended [76].
For instance, the existence of the storm–substorm interaction remains one of the most
controversial questions of magnetosphere dynamics [77]. The combination of in situ and
multi-scale ground-based observations together with the development of new data analysis
techniques and data-driven models ([78]—see also the CCMC )—is vital for pursuing scien-
tific studies of the magnetosphere structure and dynamics and the ionospheric response.
Thus, WP1300 will better understand the geomagnetic response during SWE events, with
respect to the magnetosphere structure and dynamics in the larger context of the solar wind–
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magnetosphere coupling. To this end, WP1310, WP1320, and WP 1330 are dedicated to
phenomena in specific magnetospheric regions, i.e., the outer magnetosphere, the radiation
belts, and the plasmasphere, respectively. In particular, WP1310 is dedicated to analyses of
ESA-Cluster, NASA-Time History of Events and Macroscale Interactions during Substorms
and NASA-Magnetospheric Multiscale plasma and magnetic field data in order to study
the occurrence of reconnections at the magnetospheric boundaries by using the Walén
test [79,80], as well as to model the magnetosheath parameters, magnetopause compres-
sion, and magnetospheric current systems by using a modified version of the Tsyganenko
and Sitnov [81] (hereafter TS04) model (assuming input parameters from WP1220 as far
as the interplanetary medium is concerned). WP 1330 focuses on the determination of
the equatorial plasma mass density distribution using geomagnetic pulsations detected
by the European quasi-Meridional Magnetometer Array (EMMA) [82], employing both
assisted and automated algorithms [83–85]. Moreover, WP1320 is dedicated to the plasma
acceleration from the magnetosphere into the ionosphere, focusing on the wave–particle
interaction analysis by combining both magnetospheric and ionospheric satellites and the
TS04 magnetospheric model. Indeed, despite the energy carried by waves in the magneto-
sphere (compressive and/or Alfvén) being much lower than the one stored from particle
precipitation in the ionosphere, it is well known that such waves play a key role in the
magnetospheric dynamics.

The WP1400 studies the physical state of the ionosphere [86,87] in order to address,
for example, the complex and dynamic system of ionospheric currents resulting from the
magnetosphere–ionosphere coupling [88–90], which amplifies as a consequence of SWE
events. In particular, the activities of WP1410 and WP1420 exploit ground-based and space-
borne data, respectively. In more detail, WP1410 takes advantage of information mainly
from ionosonde facilities and coherent high-frequency radar networks. Ionosondes man-
aged by INGV at Rome and Gibilmanna (Italy) and co-managed by INGV at Tucuman and
Bahia Blanca (Argentina) provide both the ionospheric vertical electron density and some
specific ionospheric parameters [91–93] that are essential for a detailed picture of the iono-
spheric conditions over the ionosonde locations, which is crucial for radio communications
in the high-frequency domain.

Observations from the Super Dual Auroral Radar Network (SuperDARN) are also
used. The network consists of over 30 coherent high-frequency radars in both hemispheres
at latitudes from middle to polar and is aimed at investigating the convection of iono-
spheric plasma. This is achieved by analyzing the Doppler phase shift of radio signals
backscattered by density irregularities in the E and F ionospheric regions [94]. Since these
irregularities follow the motion of the surrounding plasma, it is possible to generate maps
of large-scale ionospheric convection, which is strongly dependent on the variation in the
conditions of the magnetised interplanetary plasma and magnetosphere [95]. In addition,
the estimation of the cross-polar cap potential, namely the maximum potential difference in
the polar cap, allows for an assessment of the energy transferred from the magnetosphere
to ionosphere [96,97].

In order to better understand the processes underlying magnetosphere–ionosphere
coupling, it is also critical to characterise the physical parameters describing the topside
ionosphere via in situ measurements. To this aim, WP1420 is devoted to analysing the
behavior of physical quantities, such as electron density, temperature, and electrical con-
ductivity, which are excellent proxies of dynamical processes occurring especially at high
latitudes, as well as geomagnetic field and ionospheric indices. In situ data from two
flagship missions for Earth observation currently in orbit at approximately 500 km altitude
are used: the ESA’s Swarm constellation [98] and the Limadou/China Seismo-Electric
Satellite (CSES) mission [99]. The investigation of small-scale irregularities can be carried
out through the calculation of ionospheric indices based on both in situ and remote sensing
measurements. In particular, the Rate Of change in electron Density Index (RODI) and
the Rate Of change in Total electron content Index (ROTI) are well established proxies
of irregularities on a wide range of spatial scales [100–102]. More recently, the Rate Of
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change in electron TEmperature Index (ROTEI) has been introduced to capture small-scale
variations in electron temperature, which may play a crucial role in the energetic budget of
the ionospheric plasma and the occurrence of irregularities [103]. For these reasons, RODI,
ROTI, and ROTEI indices will be computed and mapped starting from Swarm observations
and data from GPS satellites in view [104]. Finally, an estimation of the geoelectrical field
at Swarm altitudes will be provided by using the MA.I.GIC. model [105]. The model is
based on the fact that, in the frequency space, the geoelectric and geomagnetic fields are
linked by impedance, which ultimately depends on electrical conductivity. Thus, by using
geomagnetic field observations acquired by the Swarm mission, it is possible to retrieve the
geoelectric field and, by invoking Ohm’s law, the current density.

The SWE impact on other planets depends on several factors, such as the presence of
an intrinsic dipolar magnetic field (such as Mercury, Jupiter, or Saturn) and/or of an atmo-
sphere (such as Mars or Venus), generally causing effects on planetary magnetospheres and
atmospheres by not only enhancing their dynamics but also altering their structure and com-
position. The investigation of solar wind plasma interaction with different environments in
our Solar System is paramount, as the comprehension of a planetary environment other
than Earth is a precious way to investigate the many complex and different aspects of Sun–
planet interactions [3]. The purpose of WP1500 is to improve our knowledge of the physical
processes involved in the coupling between solar wind and planetary magnetospheres
during SWE events, as well as the variability of atmospheres/exospheres. In particular, nu-
merical simulations of encounters of solar wind plasma with different magnetosphere and
atmosphere environments in our Solar System are the main investigation topic of WP1510.
We study coupled Kelvin–Helmholtz (KH) and tearing mode (TM) instabilities as a result
of mixing layer dynamics formed when distinct solar-wind–magnetosphere–atmosphere
encounters occur. These studies can address magnetic reconnection phenomena that are
believed to be one of the key drivers of plasma transport. Earth’s and other planetary
magnetospheres are excellent laboratories for investigating them. The magnetospheric
instability model [106] is utilised for studying observed asymmetries and, generally, the
coupling between external and internal layers after the impact of SWE events. In addition,
atmospheric studies on how the chemical composition of planetary atmospheres such as
Venus and Mars changed over billions of years, owing to both the solar radiation and
CME-altered mass loss and the chemical profiles of planetary atmospheres, are performed.
The coupling between solar wind and the Mercury environment (WP1520) is the subject of
a study that has the following architecture. There is a model that takes the actual solar wind
conditions as inputs (obtained from WP1220) and estimates the solar wind precipitation
onto the surface of Mercury in these different SW scenarios. The model is an evolution
of [107] and is compared with other studies, such as [108], or more recent ones [109]. Ex-
treme cases, such as those in [110], can also be used as inputs. Then, a Monte Carlo model
of the exosphere of Mercury can be used [111], which can simulate the effect of plasma
precipitation on the exosphere of Mercury. Finally, the results can be compared with actual
Na exospheric observations performed with the THEMIS solar telescope [112] (the whole
database for years 2009–2013 will be available). In this way, the whole chain can be tested
and the mechanism of environmental modifications will be better understood.

SWE events modulate the intensity of galactic cosmic rays (GCRs) in the whole he-
liosphere. In particular, the large-scale topology of the magnetic field in interplanetary
perturbations can produce GCR depressions called Forbush decreases (FDs) at short-term
temporal scales (e.g., [64]). Moreover, the GCR intensity and spectra undergo important
global changes on longer time scales due to the modulation by solar activity (11-year
Schwabe cycle, 22-year Hale cycle). The physical mechanisms governing such processes
(convection, diffusion, drifts, adiabatic energy losses) are generically understood, while
the changing interplay among the various mechanisms at the different time scales and
IP conditions are still under investigation [113]. An improved comprehension of such
processes would have important implications for both GCR modulation models and the
prediction of the GCR flux in the interplanetary space, which constitute a problem for space
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missions and air flights [12,114–119]. The purpose of WP1600 is a deeper understanding
of both the physical mechanisms underlying GCR modulation at different spatial and
temporal scales and the implications of solar activity on charged particles propagation
and our prediction capabilities. The WP1610 and WP1620 are devoted to short-term and
long-term GCR intensity variations, respectively. In the framework of WP1610, data from
several space missions and ground-based neutron monitors are being analysed in order to
study the temporal evolution of GCR fluxes. In particular, work is currently focusing on
the analysis of the data from the AMS-02 magnetic spectrometer on board the International
Space Station using observations of daily proton fluxes from 1 GV to 100 GV over the period
from 20 May 2011 to 29 October 2019 [120] and combining them with available results
from other missions, with a particular focus on the PAMELA spectrometer and the Rome
and Testa Grigia neutron monitors. Moreover, test-particle simulations on the background
magnetic field, which consists of a GS reconstruction performed in WP1220, are being
performed to model particle propagation during Forbush decreases and compare it to
particle data. The WP1620 exploits the availability of accurate long-term measurements to
develop numerical models describing the transport of GCR radiation inside the heliosphere.
The different models will be tested, validated, and exploited to calculate GCR differential
fluxes in different epochs and locations in the heliosphere.

Finally, SWE events have a substantial impact on spaceborne and ground-based critical
infrastructures, the human body, and human activities [121–124]. For instance, SWE events
can induce: an onset of sharply increased geoelectric fields and associated geomagnetically
induced currents (GICs) leading to the shorting of electrical power grids [125]; the growth
of ionospheric irregularities causing a malfunctioning or loss of lock (LoL) of global naviga-
tion satellite systems as the global positioning system [126]; an increase in the radiation
environment and high-dose rates in the whole heliosphere, which is also critical for space
exploration, as human spaceflights are being prepared for lunar and Mars missions. The
purpose of WP1700 is the assessment of the SWE impact on Earth’s environment down to
the ground. Thus, the WP1710 and WP1720 are devoted to the SWE hazards for techno-
logical systems and the human body, respectively. In order to be able to mitigate possible
damages on critical infrastructures, it is necessary to recognise whether a specific solar
event could cause specific GIC-originating variations in the geomagnetic field. Most of
the investigations performed so far have focused on associating the growth in GICs to
specific features of the geomagnetic storm using, for instance, geomagnetic indices, but,
unfortunately, they have not produced conclusive results. Therefore, from the point of
view of the possibility of understanding which SWE events are most effective in producing
effects on the infrastructures, the opportunity to have a thorough characterisation of the
multitude of phenomena occurring between the Sun and Earth as a consequence of a CME
represents a novel, comprehensive, and promising approach. In the framework of WP1710,
the GIC index [127] is obtained with data from ground geomagnetic observatories and is
equipped with a risk scale [128] that provides a risk level (that becomes an alert level when
real-time data are available). Moreover, with observatories aligned on a latitudinal chain,
it is possible to build a time-varying GIC index latitudinal profile [129] that is helpful for
monitoring the value of the magnetic latitude, which can be considered as a sort of safety
threshold (i.e., countries below this threshold can be considered safe from damages due to
GICs). In addition, a comparison between the GIC index and the geoelectric field estimated
by means of the MA.I.GIC. model is performed in synergy with WP1420. Moreover, the
global occurrence of LoL events is identified by using total electron content measurements
carried out by LEO satellites.

Measuring, understanding, and characterising the SEP radiation environment inside
a space habitat is mandatory for developing proper countermeasures to mitigate crew
radiation risks. These measurements allow for a detailed assessment of the dose due to the
solar events absorbed by the crew, and also permit a fruitful comparison with the dynamic
of the outside SEP radiation field as measured by other detectors outside the space habitat
and/or on satellites (as in WP1210), with the aim of building a successful ‘SEP now-casting’
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strategy. Therefore, data from several detectors inside the International Space Station (e.g.,
ALTEA, LIDAL) are being properly formatted. Radiation flux and consequent dose rates
will be derived.

To showcase the proposed multidisciplinary approach, well-observed “target SWE
events”, exhibiting strong or moderate characteristics from several perspectives, will be
studied in detail. This choice is based on the big flare syndrome [130], for which big flares
have more of everything, e.g., greater SXR peak intensities, major SEP events, faster CMEs,
and presumably geomagnetic storms as a consequence.

The target SWE events are of two types (possibly intersecting), which we term geo-
effective and widespread (i.e., recorded at multiple heliospheric locations). The study of
geoeffective events, i.e., those presenting important geomagnetic and ionospheric storms,
along with CMEs, flares, and SEP events, will allow us to cover all of the aspects of
SWE events in the different application domains from the Sun to Earth. The target SWE
events are being identified during the project. Possible candidates are the 2003 Halloween
events [131], the September 2017 events [132], the August 2018 [133], and the October 2021
events. Depending on the planets’ positions, data availability, and event characteristics, the
geoeffective target events could also be observed at other heliospheric locations. Indeed,
the 28 October 2003 Halloween event is one of the most severe SWE events experienced
by Mars in the last twenty years [134], whereas the 10 September 2017 solar flare strongly
affected the composition and density of Mars’ thermosphere [135]. Moreover, a set of
widespread target events [136], e.g., involving fast and wide CMEs, will be analysed to
address interplanetary space studies and PSW.

An efficient counteraction to the entirety of harmful SWE phenomena would require
reliable forecasting methods to predict their occurrence and mitigate their impacts. Thus,
CAESAR also performs the following activities: preliminary studies for the development of
innovative ML methods and validation of existing ones for forecasting flares, SEP events,
and Sym-H index behaviour [29,137]; the real-time monitoring of the solar, interplanetary,
and magnetospheric–ionospheric conditions; and a definition of alert levels for flares, SEPs,
geomagnetic storms, and GICs.

4. ASPIS Prototype

The ASPIS prototype implementation will hinge on three main pillars: the DB, the
interface, and the metadata map. The three HL WPs of NODE 2000 (WP2100, WP 2200, and
WP2300; see Figure 3) are each devoted to one of the pillars.

The ASPIS DB will contain mainly proprietary/co-proprietary products (see next
section), with their relative data policy in a homogeneous, standardised collection of
resources. Other important external data shall be accessed through links to existent archives.

We will design and realise the ASPIS DB to match the DB content, taking into consider-
ation the prerequisites, the inputs, and the outputs of the methods and models in particular.
The archive products (seen as resources) described and mapped by WP2310 and WP2320
will provide the basis for the internal structure of the ASPIS DB (designed by WP2110,
implemented by WP2120, and, with the actual product ingestion, managed by WP2130).

Product specification and metadata will be flanked by the interface requirements (from
WP2220 and WP2230) in the preparation of the ingestion process and of the services and
tools used to access the database. The metadata database, model listings, and method
listings may link and index bulk datasets and other external resources. The ASPIS applica-
tion programming interface (API, developed by WP2210) will define the common set of
protocols to access/submit data to the DB, allowing for both data ingestion and query. The
web graphical user interface (GUI, WP2220) aims to provide easy user-friendly access to the
DB. The GUI will access the DB using a set of dedicated APIs, who will act as middle-ware
to the queries and provide tools (delivered by NODE1000 WPs) for a quick visualisation
and analysis of the retrieved products. A possible landing page of the Web GUI would
include one or more specific panels representing the near-real-time (NRT) values of rel-
evant ASPIS data-sets, allowing for a live monitoring of the solar-terrestrial conditions.
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The Web GUI will be realised to respond to the user’s requests both in synchronous and
asynchronous modes. While in the synchronous mode, the user can immediately access,
view, and analyse the results. In the asynchronous mode the job will be run in the back-
ground and the system will send the user a message to notify the activity, with information
on the job and links to retrieve the results once the computation is completed. However,
users will be encouraged to implement heavy computations and advanced data handling
using ASPIS.py. The ASPIS.py module (WP2230) is a library of functions in Python that
provides a friendly data analysis environment to ASPIS users. This ASPIS.py module will
be available for download and installation on the users’ personal computers, but could
also be used in online virtualisation solutions (e.g., server-side Python Notebooks). It will
include modules to access the data in the ASPIS DB, plus the whole range of methods for
visualisation and analysis, plus the models provided by NODE1000 WPs. We envisage
that, similarly to other Python libraries (e.g., Sunpy https://sunpy.org/ (accessed on 1
October 2022) [138]) very much appreciated by the scientific community, it will ease the
access and use of the products collected in ASPIS. Indeed, it is reasonable that the ASPIS.py
module will build upon and extend existing relevant Python libraries, such as Astropy
(https://www.astropy.org/ (accessed on 1 October 2022) [139]) or Sunpy itself. These
projects already provide a broad ecosystem of inter-operable Python packages, markedly
created to analyse data in the astrophysics and heliophysics domains, which also include
models to compare and interpret the data. Astropy (and later Sunpy) has set a new stan-
dard on how to obtain and analyse data. The rapid ascent in popularity of these Python
packages is probably due to the combination of support (in term of documentation and use
case examples), the open-source approach, and rapid development, both professional and
community-driven. Learning from these successful experiences, we will realise ASPIS.py,
the Web GUI, and the DB content (the ASPIS archive as a whole) to be as easy as possible
to reach, use, and maintain for both the developer and the users. Consequently, we will
create a wiki-like documentation structure (realised by WP2330). This wiki will store and
present the component and interface of ASPIS to ease its running, maintenance, and further
extension, and all of the documentation created by CAESAR in the development of the
APIs, the Web GUI, and the ASPIS.py module. All of the functional components of the
ASPIS prototype are shown in Figure 5. Referring to this high-level scheme, we can briefly
explain the ASPIS architecture and the various interactions between the WPs to build the
ASPIS prototype. The NODE1000 Scientific WPs provide (red arrows in Figure 5): metadata,
data, models, and methods used to populate the ASPIS DB; information on requisites for
the web GUI and ASPIS.py module functionalities; and product specification and metadata.
Product metadata descriptions are based on a template (black dashed arrow in Figure 5)
provided by WP2310. ASPIS.py and Web GUI actions performed upon user request (query,
visualisation, download, and so on) will leverage (black arrows in Figure 5) the ASPIS
DB interface APIs to the ASPIS DB. Web GUI services might rely on ASPIS.py methods to
perform their tasks. All metadata, data, models, methods, and specifications, as well as
the DB structure, tool descriptions, and module documentation will be continuously fed
(purple arrows in Figure 5) to the ASPIS Wiki. Two user categories are foreseen: researchers
(advanced users), who will take full advantage of the ASPIS functionalities through both
the Web application and the ASPIS.py, and general users, who are expected to mainly
exploit the Web GUI functionalities.

https://sunpy.org/
https://www.astropy.org/
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Figure 5. ASPIS high-level architecture (see the text).

ASPIS Products

Several types of proprietary/co-proprietary products will be present in the ASPIS
prototype, which can be classified into four main categories: calibrated data, derived data,
models, and near-real time data and tools. A summary of the intended main products for
each one is provided in the following.

1. Calibrated data:

• Full-disk LoS magnetic and velocity maps from Tor Vergata Synoptic Solar
Telescope (TSST) [140];

• H-alpha images from the TSST [141];
• Solar Wind Analyser/Solar Orbiter data;
• Swarm LEO satellite data;
• CSES LEO satellite data [142];
• Low-Frequency Array (LOFAR) radio flux;
• Sodium exospheric data of Mercury [143,144];
• Data from Alpha Magnetic Spectrometer (AMS) and Payload for Antimatter

Matter Exploration and Light-nuclei (PAMELA);
• Anomalous Long Term Effects on Astronauts (ALTEA) and Light Ions Detector

(LIDAL) data and dose rates;

2. Derived data:

• Features of active regions and probability of flare occurrence;
• Catalogue of flares, SEPs, geoeffective CMEs, and ESP-associated shocks;
• Parameters and features of interplanetary shocks, solar wind streams, magne-

tosheath, magnetosphere, and ionosphere;
• SEPs properties and transport parameters at several heliographic locations;
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• Time series and global maps of the magnetospheric and ionospheric origin field at
ground, and of the induced geoelectric field at ground from the (Magnetospheric–
Ionospheric–Geomagnetically Induced current (MA.I.GIC., [105]) model;

• Ionospheric maps and indices;
• GCR properties and propagation parameters;
• GPS LoL events maps;
• GIC index and level alert for Italy and along arrays of selected geomagnetic

observatories;
• Output of test particle simulations for GCRs;

3. Models:

• Computational methods for desaturation of EUV images;
• Computational method for image reconstruction from Fourier X-ray data;
• AI methods for flare prediction [25,28];
• Computational methods for detection and tracking of global EUV waves;
• P-drag-based model for CME propagation [59,60];
• Ionospheric and magnetospheric current systems using TS04 model and ground

magnetometer observations and applying the technique described in Piersanti
and Villante [145];

• Simulations of MHD instabilities;
• Magnetospheric precipitation model [107];
• Exospheric model [146];

4. Near-real-time data and tools:

• Automated detection of AR features;
• Geomagnetic ground-based observations;
• Forecasting model of the SYM-H geomagnetic index;
• Values of the equatorial plasma mass density in the inner magnetosphere updated

every 15 min;
• Ionospheric physical parameters from ionosonde;
• Rome and Testa Grigia cosmic-ray detector data;

ASPIS will also contain publicly available external data sources such as solar images
from SDO, LASCO, X-rays and particle flux data from GOES, among others.

The ASPIS prototype will be deployed in the ASI space science data centre (SSDC),
will contain more than 100 products, and will be ready to ingest new additional ones. The
ASPIS prototype is foreseen to be delivered by early 2024 (ASPIS logo in Figure 6).

Figure 6. ASPIS logo. Credits to Carmelo Magnafico.

5. CAESAR Dissemination Plan

One of the goals of this project is to ensure an efficient dissemination of the achieved
results to maximise both the research impact and the ASPIS data exploitation. We aim
to reach the scientific international community and SWE users, the educational sector,
and the general public. Dissemination used to match the first group will be through
publications in peer-reviewed scientific journals and via communications to scientific
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conferences, symposia, meetings, and workshops. In particular, the project results will
also be spread to the second group through participation in space weather-oriented events
such as the European Space Weather Week (ESWW) and the European Geophysical Union
(EGU). For instance, we envisage participation in an ESWW with a stand that will show the
analysis performed for one target SWE event and the related data and modelling developed
in CAESAR.

The educational sector will be reached through participation in national meetings
of the physical, geophysical, and astronomical societies, as well as seminars and classes
dedicated to the topic of this project. A virtual ASPIS event open to schools and a short
presentation for high-education students will be organised.

Communication activity will be continued through the advertising of the project via
scientific media and participation to the Italian edition of European Researchers’ Night
2023 with a stand that will facilitate the public to get familiar with SWE events. Organising
an art contest and a live event to bring the public closer to SWE researchers is also planned.
The public will be asked to send images, videos, or any artwork on space-weather-related
topics. The winning artworks or performances will be shared via the ASPIS website and
will be used to inspire young people in space weather activities.

The CAESAR website is already available online (https://caesar.iaps.inaf.it/ (since 1
April 2022)), providing a description of the project goals and concept of the ASPIS prototype.
It is periodically updated with news, headlines, and reports on developments in research
and communication activities.

6. Conclusions

CAESAR is an ambitious project dedicated to synergistic investigations in all scien-
tific fields related to space weather. It involves a wide Italian team coordinated by the
INAF/Institute of Space Astrophysics and Planetology and adopts a multidisciplinary
scientific approach toward studying SWE events, from their generation on the Sun to
propagation in the interplanetary space, as well as the effects on Earth and planetary
environments and GCR modulation.

CAESAR will also unify and harmonise the available Italian resources into the ASPIS
scientific data center prototype in order to benefit a broad audience of space weather
users, thus widely increasing the value of the CAESAR project. ASPIS will have a flexible
architecture to allow users to perform advanced scientific studies for SWE easily and
directly both through the web interface and a dedicated downloadable application called
ASPIS.py. The analysis of the ASPIS data is expected to produce a significant scientific
outcome in the field of space weather. In particular, the expected return from CAESAR
scientific activities is likely to provide new insights toward SWE science and also stimulate
further synergistic approaches at international level. Moreover, the interdisciplinary data
analyses within CAESAR are expected to produce significant results to benefit international
efforts aiming at transitioning the state-of-the-art physics-based models to operational use.

As an unrestricted flow of data across geo-political and organisational boundaries
is needed, the ASPIS scientific centre will join the international infrastructures in being
exploited by the whole SWE community and will significantly contribute to the overall
progress in SWE science.
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