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Introduction 

The Sun is the primary energy source of the plasma physical processes in our Solar System, its 

permanent outflow of charged particles (solar wind) and fields interact with the plasma 

environment of planets, comets or any space infrastructure. The solar wind dominated region is 

called the heliosphere, it forms a bubble in the interstellar medium ([O1]). In this project we have 

concentrated on plasma processes in the inner heliosphere ([O2]) between Mercury and Earth orbits 

as a preparation for the space missions BepiColombo (to Mercury launched in 2018) and Solar 

Orbiter (launched in 2020; [O3]), and in order to improve space weather forecasts through better 

understanding of the plasma processes heading Earth. 

The solar trigger 

The Sun is our central star and it forms the heliosphere by ejecting the solar wind that carries out 

the solar magnetic field lines to beyond 100 AU. Trivially, the solar behaviour effects the plasma 

processes in the entire regime and the solar magnetic cycle plays an important role. 

Our team contributes to improve an MHD solar dynamo model, the surface flux transport model 

(SFT), by considering the effect of the 'non-linear surface inflows into the activity belts' on the solar 

cycle modulation. We have found that these surface inflows can be considered as one of the non-

linearities to the model by linking their dipole moment contribution to the solar dynamo effectivity 

range parameter for different representations of these inflows. Figure 1 shows the relative 

importance of latitude quenching versus the surface inflows with respect to dynamo effectivity 

range parameter (λR), which is related to the ratio of meridional flow velocity to diffusivity. This is 

shown for different values of the decay time (τ in years, for τ = ∞ means no decay term), for each 



value of τ we have a quadratic fit line showing that the inflow with respect to latitude quenching is 

a truly nonlinear mechanism for the solar dynamo ([C1], [C2], [C3], [C4], [C5], [C6], and [P1]). 

Recent observations by the Parker Solar Probe showed that the magnetic field fluctuations are 

quite large in the inner heliosphere, which includes cases when the radial component of the 

magnetic field vector changes sign in short time scales of observations. We attempt to reconstruct 

the geometry of these switchback events by Grad-Safranov technique in order to better understand 

their properties and origin. Our analysis has shown that they are planar structures. They are most 

probably the remnants of closed field lines, dragged to interplanetary space, and during the 

propagation later they become open ones with reconnection ([C7]). 

Additionally, we started to study the solar corona from observations (space-borne coronagraph 

images in [P2]) and coronal model results [P3] in order to understand better the source of the solar 

wind. See more in the next section. 

Temporal evolution and spatial variation of the solar wind 

Our research group has an extended solar wind plasma and magnetic field database from 

observations by solar and planetary spacecraft, where we are either team members (Co-Investigator 

level, see for instance [P4]) or we have strong collaborations. We based part of this 'Inner 

heliosphere' project on our 'Propy' problem-tailored improved-ballistic propagation tool ([T1]) that 

was further developed during the project and extensively used. Additionally, we have created an 

ICME list with start and stop times of in-situ ICME signatures for several spacecraft, see in [D1]. 

We have studied the temporal evolution of the solar wind source, the effect of the latitudinal 

spacecraft separation on solar wind predictions [P2] and created a 3-dimensional model for the 

ambient solar wind prediction for the inner heliosphere [P3]. These were presented at several 

conferences ([C4], [C8], [C9], [C10], [C11], [C12], [C13], [C14], [C15], [C16]) and the 

manuscripts ([P2] and [P3]) were submitted. 

The 'Propy' propagation tool 

Based on our database and the simple ballistic solar wind propagation model, we have created a 

tool to extrapolate the background solar wind to any points in the inner heliosphere. The model uses 

real observational data and extrapolates the solar wind plasma from the observing spacecraft to the 

target point. We separate the problem to three components: radial propagation, longitudinal and 

latitudinal separation in HCI coordinate system. 

Longitudinal extrapolation 

Considering the longitudinal extrapolation, we shift the observed time series in time by the time 

lag calculated from the longitudinal spacecraft-target separation and the solar rotation rate. There is 

an assumption that the solar wind source is persistent between the two ejection times. One of our 

studies focuses on this persistency, the temporal evolution of the solar wind source by exploiting 

the excellent constellation of the twin STEREO solar probes that are at 1 AU distance from the Sun, 

but at different longitudes ([C8], [C10], [C16]). The results are mainly influenced by the latitudinal 

spacecraft separation, hence we have started a parallel study to quantify these effects ([C11], [C14], 

[C15], and [P2]). Trivially, at longitudinal extrapolation non-corotating events, such as ICMEs have 

to be removed from the input data in order to avoid potential false alarms. For this we needed the 

precise start and stop dates and times of the ICME signatures in the in-situ plasma and magnetic 



field data for all spacecraft that we use, so we have created ICME lists for several spacecraft and 

published this database at Mendeley Data ([C17] and [D1]). 

Radial propagation 

The radial propagation applies the observed solar wind bulk velocity and assumes that it does 

not change during the radial propagation. This is not true near the Sun where acceleration is still 

going on, so we avoid to apply this technique in the very near proximity of the Sun. Also fast-slow 

stream interaction regions (SIR/CIR) form and evolve during the radial propagation and cause 

acceleration and deceleration. Hence we studied these structures in detail ([P5]) and applied a 

pressure difference based correction ([P3]) to improve our model. 

Effect of the latitudinal separation 

For the latitudes the problem is very hard because the solar surface and corona, so the solar wind 

source can be very structured hence ejecting solar wind parcels with different characteristics at 

different latitudes. Our empirical and statistical study shows that with increasing latitudinal 

separation between the observing spacecraft and the target, the prediction accuracy falls steeply. 

We suggest that above ~4 degrees spacecraft-target separation one should avoid extrapolation 

([C11], [C14], [C15], and [P2]). These findings can be useful for the improvement of data-

assimilation based models, and provide estimates for the accuracy of solar wind predictions by the 

future ESA Vigil (L5) space weather mission. 

Background solar wind prediction 

Our 'Propy' model provides problem-tailored improved ballistic background solar wind 

extrapolations from spacecraft observations to any target points in the inner heliosphere. Our model 

is problem-tailored in the sense that we create the predictions to the needs of the project that would 

use it, for instance an ICME propagation drag model needs different prediction output than a 

planetary space weather study. This is also the reason why the tool can only be run by our team, 

and it cannot be an automatized web tool such as the one in the Europlanet SPIDER services, where 

the PI of this project is also involved through a parallel project (see in acknowledgements). 

This background solar wind prediction is originally based on the simple ballistic model applied 

on multi-spacecraft observations. In order to improve the results, we clean the input data from 

ICME signatures to avoid potential false alarms at longitudinal extrapolation ([C17] and [D1]), we 

apply a pressure-correction at SIR/CIRs during radial propagation ([P3]) and consider even the 

differential rotation of the Sun ([P2]). 

3-dimensional pressure-corrected ballistic extrapolation of the solar wind speed 

Instead of extrapolating from the position of a single spacecraft, here we apply the pressure-

corrected ballistic method to two-dimensional velocity maps of the solar source surface available 

from solar coronal models in order to determine the solar wind velocity in the inner heliosphere in 3 

dimensions, between latitudes of ±50°. Our method is simple, fast and it can be applied to different 

source surface datasets. The results of our model are validated with in situ data from the ACE 

spacecraft. Figure 2 shows that the pressure-corrected extrapolation gives better agreement. Hence, 

we find that the pressure-corrected ballistic method can give accurate predictions of the solar wind 

in 3 dimensions ([C9], [C12], [C13], and [P3]). 



Discontinuities in the solar wind 

The large number of solar spacecraft throughout the inner heliosphere in the recent years has 

provided us a rich dataset to analyze discontinuities in the solar wind. 

Orientation of the stream interface in SIR/CIRs 

As mentioned earlier, SIR/CIRs are important features that form during the radial propagation of 

the solar wind. Exploiting the advantage of multi-spacecraft observations we managed to 

reconstruct the orientation of their stream interface, the plane that separates the interacting fast and 

slow solar wind streams. We have applied a sliding window correlation method on ACE, WIND 

and STEREO-A plasma and magnetic field data in order to obtain the time delay between the 

spacecraft. Using these time lags and in-situ solar wind velocity measurements, we could shift their 

positions, and together with the position of the reference spacecraft, we can reconstruct the spatial 

orientation of the stream interface. The determined planes generally follow the Parker spiral in the 

ecliptic, as expected; their off-ecliptic tilt is determined by the position of the source of the high-

speed stream. In Figure 3 there are four events from two solar sources. Events A and B are related 

to the same coronal hole but one Carrington rotation separated in time. Similarly, events C and D 

are from the same solar source. At event D the results are inconclusive, the method has reached its 

limit because the STEREO-A spacecraft was already too far away (>2.5 million km) from the other 

spacecraft ([C18] and [P5]). 

Directional discontinuities 

The Solar Orbiter and Parker Solar Probe spacecraft provide a whole new insight at the inner 

heliosphere on both spatial and temporal scales. We exploit this unique opportunity to study the 

spatial distribution of directional discontinuities (rotational and tangential discontinuities) in order 

to investigate heating mechanisms and turbulence. We find that their spatial density decreases with 

increasing radial distance from the Sun that refers to some kind of decay process ([C19], [C20], 

[C21], [C22]). 

Study of the terrestrial space weather in relation to the dynamics of the Sun and solar wind 

One of the goals of our project concerns the study of the geoeffectivity of the various solar wind 

structures, such as the slow and fast solar wind streams or their corotating interaction regions. In 

line with this goal, we investigate the behaviour of the dynamics of the terrestrial magnetosphere 

and ionosphere with respect to the solar wind impact and to its solar cycle variation. Particular 

attention is devoted to phenomena that might affect our human infrastructure (navigation or 

communication facilities, electric power grid, etc.), that is, the space weather contexts of the solar 

and solar wind dynamics ([O4]). 

Magnetic field irregularities in the ionosphere 

Making use of the high-frequency three-component magnetic records of ESA’s low-Earth orbit 

(LEO) Swarm mission the typical occurrences of irregular magnetic field fluctuations are explored 

in the high-latitude and equatorial geomagnetic regions. Relying on the turbulent nature of the 

irregularities, we have previously developed an intermittency index (IMI) for the quantitative 

monitoring of the irregular magnetic fluctuations along the orbits of the Swarm spacecraft, in the 

framework of ESA’s EPHEMERIS project (Heilig and Kovács, 2021). It turned out, that in the 



equatorial region, the most intermittent fluctuations appeared symmetrically about the dip equator, 

at +/-10° magnetic latitudes, in post-sunset magnetic local times. Clearly, this finding was 

explained by the appearances of equatorial spread F (ESF) and plasma bubble phenomena. The 

occurrence rate of equatorial irregularities exhibited a clear solar cycle dependence, being greater in 

solar maximum than in minimum. The space weather context of the equatorial irregularities was 

shown by the subtle correlation of these events with GNSS loss of lock (LOL) occurrences onboard 

Swarm spacecraft as well as with scintillation effects recorded in ground GNSS stations. 

In the framework of the OTKA project, IMIs in the polar region are modelled by Adjusted 

Spherical Cap Harmonic analysis, for three levels of geomagnetic activity. The models exhibit 

intermittent fluctuations in two oval regions about the geomagnetic poles. It is suggested that the 

poleward region is coincident with the auroral oval, while the equatorward region is indicative to 

the ionosphere footprint of the plasmapause ([C23] and [C24]). Both regions expand toward the 

Equator with increasing geomagnetic activity (see Figure 4). 

In 2023, a proxy of the GNSS amplitude scintillation index is computed along the orbits of the 

Swarm triplet, by adapting the methodology of Juan et al. (2017) developed for the assessment of 

amplitude scintillations from the records of commercial GPS receivers. Ionosphere related 

scintillations of radio signals have a particular impact on the accuracy of the navigation systems. By 

processing three years (2015-2017) of RINEX GPS records of Swarm-A and Swarm-B spacecraft 

we show that the scintillation events at low latitudes are distributed about the geographic equator, in 

contrast to the magnetic latitude dependence of the equatorial plasma irregularities. The resolution 

of this contradiction is in progress. It is also concluded that the scintillations occur more often 

during post-sunset period than during the day, in accordance with the occurrences of equatorial 

spread F and plasma bubble phenomena. As for the relation with the solar dynamics, we also show 

that the scintillations exhibit a clear dependency on the geomagnetic conditions, being stronger 

during disturbed than quiescent magnetic periods.  

By the support of the OTKA fund, our results have been presented in 2023 at conferences 

([C25], [C26], and [C27]) and the paper is in preparation. 

Electric currents in the magnetosphere-ionosphere system 

One of the fundamental consequences of the coupling between the solar wind and the 

magnetosphere-ionosphere (MI) system is the amplification of coherent electric currents 

(magnetopause currents, ring currents, auroral currents, field-aligned currents, etc.) flowing in and 

among different MI regions. The investigation and modelling of this process is essential for the 

prediction of various terrestrial space weather events, and for the assessment of their risks. Several 

space missions have been in service to study the dynamics of the MI system, for decades. 

Currently, the most relevant are the Cluster, Themis and MMS missions, which fly in the inner and 

outer magnetosphere (and partly also in the solar wind), and the Swarm mission, which orbits in 

polar orbit in the ionosphere. Each of these missions is composed of a constellation of 3 or 4 

satellites orbiting in parallel, allowing the 3D studies of the electromagnetic field variation along 

the orbits, as well as the study of multiscale turbulent processes at different spatial/temporal scales. 

Making use of the magnetic field gradients measured among satellites of multi-spacecraft 

missions, the strength and spatial occurrences of electric currents can be inferred along the mission 

orbits by applying the Ampere's law. This is the Curlometer method introduced by Vallat et al. 

(2005). In our recent study, we investigate the strength of the terrestrial ring current by adapting the 

curlometer technique to the Cluster mission data. We conclude that in order to achieve the best 

current estimations, supplementary data processing must be carried out prior or after the application 



of the curlometer technique. For instance, it turned out that in many cases the constellation of the 

mission was not suitable for the accurate current determination. When the spacecraft fly in a big 

distance (more than some hundreds of km) from each other, the gradients are dominated by the 

main terrestrial field, therefore a relevant improvement in the current determination can be achieved 

by the subtraction of IGRF model values from each spacecraft observation. In another case, if at 

least three from the four mission elements fly close to each other, the electric current can be 

estimated in the direction normal to the plane determined by the positions of the nearby spacecraft. 

From this single measurement the real strength of the ring current can be assessed by assuming its 

azimuthal direction in the equatorial plane. Additionally, if we assume the stationarity of the ring 

current, and the constellation and flying direction of the mission is favorable, the three nearby 

magnetic field observations can be complemented by a virtual observation obtained in the distant 

spacecraft before or after the other observations. 

Making use of the above methods as supplements of the curlometer technique we were able to 

determine the ring current strength in each equatorial crossing of the Cluster mission orbit at 

perigee, between 2002 and 2005. Our results were validated by the Dst indices deduced from the 

magnetic observations of equatorial ground-based observatories. After the methodological studies, 

we intend to continue the current estimations in different regions of the MI system by applying 

Themis, MMS and Swarm mission data, as well.  

By the support of the OTKA fund, our results have been and will be presented in the following 

conference appearances (2023 only): [C28] and [C29]. 

Development of a nonlinear analysis tool 

Within the framework of the European FP7 STORM project (Echim et al., 2016) the development 

of a Matlab tool has been initiated for the comprehensive nonlinear analyses of spaceborne and 

ground based magnetic field and plasma data. The tool is called Integrated Nonlinear Analysis 

software, in short INA. INA is prepared to carry out spectral, multifractal and wavelet analyses on 

various data sets, in a user-friendly graphical user interface (GUI) environment. Though our 

European cooperation has officially finished, the development of INA is still ongoing. By 2022, we 

arrived at a stage when the facilities and advantages provided by INA became far worthy for their 

publication and for making them available for the broader scientific community via a scientific 

paper. The paper was published in the journal of Earth and Space Science in 2023 with the support 

of the OTKA fund: [P6]. 

Impact of the ICME- and SIR/CIR-driven geomagnetic storms on the ionosphere 

Thanks to our expertise with ICMEs and CIRs, we were invited to participate in a study about 

the differences between the effect of ICME-related and of SIR/CIR-related geomagnetic storms in 

the ionospheric F2-layer during the maximum of Solar Cycle 24. A unique list of the ICME- and 

SIR/CIR-driven geomagnetic storm events was created for the time interval November 2012 - 

October 2014. The individual geomagnetic storm periods were sorted and analyzed by seasons, 

time of day and local time of minimum Dst. The main phase days of the ICME- and SIR/CIR-

induced geomagnetic storms were investigated. The geomagnetic Kp, Dst and AE indices 

characterize the global geomagnetic activity, the intensity of the ring current and the auroral 

electrojets, respectively. For each study group, the foF2 parameter was correlated with different 

geomagnetic indices in order to determine which index represents best the variation of the electron 

density in the F2-layer. One of our aims was to find the best parameter(s), which could be used as 

input in empirical space weather prediction models [P7]. 



Space weather at other planets and comets 

The Solar System is very rich on different plasma regimes with its strongly and weakly, or even 

un-magnetized planets with and without ionosphere. Comets are also highly interesting due to their 

changing activity and hence plasma environment depending on their solar distance. Their 

interaction with solar wind provides a great research topic. Our role is to provide these studies 

mainly the provisional solar wind input either through extrapolating plasma observations from solar 

probes located at other heliospheric positions or through ingenious techniques. 

Multi-spacecraft observations are very favorable for planetary space weather studies since they 

can provide simultaneous in-situ measurements of the ambient solar wind and the planetary plasma 

environment. In order to facilitate the planning of such coordinated multi-spacecraft observations in 

the inner heliosphere, we have developed the 'Soltra' visual tool with a freely adjustable solar wind 

velocity parameter [T2]. As part of the ESA BepiColombo (2018-) science working team, we have 

suggested time periods for coordinated multi-spacecraft observational campaigns at Mercury and 

we have described Mercury’s space environment concerning solar wind properties ([C30], [C31], 

[C32], [P8], [P9], [P10], and [O5]). 

Considering ingenious techniques, we have created a 'solar wind dynamic pressure proxy' from 

magnetic field observations of ESA's Rosetta cometary mission, when it was deep inside the 

induced cometary magnetosphere of Comet 67P. We validated the Rosetta pressure proxy by 

comparing it to extrapolated solar wind measurements from near-Earth and STEREO-A spacecraft 

to the position of the comet. The Rosetta pressure proxy was proven to be valuable not just for 

studies related to Rosetta or comets, but also as a novel and independent input database for space 

weather propagation to different locations in the Solar System [P11]. 

Our team is involved in ESA's JUICE mission to the icy moons of Jupiter, our PI is Co-

Investigator of the PEP plasma experiment on-board. The JUICE spacecraft was launched in 2023 

and it is currently in its cruise phase to Jupiter (until 2030's), where sporadically (when instruments 

are switched on) solar wind observations are available. These observations are often at very 

interesting locations in the heliosphere, hence our solar wind extrapolations can be further tested. 

Additionally, based on our expertise we can provide reliable solar wind predictions for the JUICE 

trajectory through the 'Propy' tool and running the BATS-R-US 3-dimensional MHD model that 

was brought to our team during this project. Note that another complex model is now in house, 

namely the EU-funded Euhforia that is rather optimized on solar-terrestrial relations. They will both 

support the continuation of the work started during this "Inner heliosphere" project. 

Summary 

The Sun is the primary energy source of the plasma physical processes in our Solar System, its 

permanent outflow of charged particles (solar wind) and fields interact with the plasma 

environment of planets, comets or any space infrastructure. Our project focused on the plasma 

processes in the inner heliosphere, especially on the solar wind origin, characteristics, propagation, 

and its interactions. We have created methods and tools to characterize and predict the solar wind 

and its disturbances through modelling and analyzing observations. Our results show the 

importance of the non-linear surface inflows in solar magnetic dynamo modelling, the latitudinal 

effects in solar wind predictions, and the proper multi-spacecraft constellation when calculating the 

electric current in the terrestrial magnetosphere. A special part of our activities was dedicated to 

solar wind dynamics by deriving the orientation of stream interfaces in the CIRs and by 

implementing a pressure-based correction into our solar wind predictions, so we managed to 



improve the ballistic propagation model. These results and tools can be applied for space weather 

predictions, where information on provisional solar wind conditions at the terrestrial magnetosphere 

is of vital importance. For instance, we have found that the ionosphere plasma irregularities exhibit 

close correlations with the solar dynamics, and these have an impact on the distortions of GNSS 

radio signals measured onboard the Swarm mission. 
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Figure 1: The relative importance of latitudinal quenching (LQ) versus inflows plotted against 

the dynamo effectivity range parameter (λR), for different parameter combinations: τ 

is the decay time in years (where τ = ∞ means no decay term) and v00 is the initial 

inflow amplitude. Adapted from [P1]. 

 

  



 

Figure 2: ACE SWEPAM solar wind ion speed measurements (red dots) and pressure-

corrected 3D ballistic solar wind speed (blue dots) in 2017 with a temporal 

resolution of 3.6 hours (a). Non-corotating effects, such as ICMEs were removed 

from the datasets. The correlation coefficient (b) and the root mean square error (c) 

is shown with a sliding window of one Carrington rotation between the ACE solar 

wind speed and the pressure-corrected (black dots) and the non-pressure-corrected 

(grey dots) ballistic solution. Adapted from [P3]. 

 

  



 

Figure 3: 2D projections of the obtained planes for four CIR events in 2007. The gray lines 

represent the uncertainty in the obtained plane, and the blue arrow depicts the ideal 

Parker spiral direction. Adapted from [P4]. 

 

  



 

Figure 4: Adjusted spherical cap harmonic model of the transverse intermittency indices 

(IMI) in the northern polar region, for low (left), moderate (middle) and high (right) 

geomagnetic activities. IMIs were collected for Swarm A, C, and B spacecraft 

during the time period of 2014-2022 [Heilig and Kovács, 2021]. Black solid lines 

show the models of the poleward and equatorward boundaries of the auroral oval 

[Xiong et al., 2014]. Blue dots represent the plasmapause model by Heilig and Lühr, 

2018. 

 


