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Introduction to COST 724
Developing the scientific basis for monitoring, modelling and predicting
Space Weather

J. Lilensten1 and A. Belehaki2

1 Laboratoire de Planetologie de Grenoble, OSUG-CNRS, France
jean.lilensten@obs.ujf-grenoble.fr

2 Ionospheric Group, Institute for Space Applications and Remote Sensing, National Observatory of
Athens, Metaxa and Vas. Pavlou, 15236 Palaia Penteli, Greece belehaki@space.noa.gr

1 Introduction and content of this report

Thanks to the COST 724 action, space weather has now a European definition:
Space weather is the physical and phenomenological state of natural space environments.
The associated discipline aims, through observation, monitoring, analysis and modelling, at
understanding and predicting the state of the Sun, the interplanetary and planetary environ-
ments, and the solar and non-solar driven perturbations that affect them, and also at fore-
casting and nowcasting the potential impacts on biological and technological systems. This
definition (see the dedicated paper in the WG4 chapter in this book) is the result of a long
and difficult effort. It did not exist prior to the start of our action. It is one of the numer-
ous deliverables that COST 724 provided. We chose to write it as the very first item of this
introduction because it attests the main success of the action: to gather a community of 28
countries and work together in spite of different cultures. These countries are (in alphabeti-
cal order) Armenia, Austria, Belgium, Bulgaria, Canada, Czech Republic, Denmark, Finland,
France, Germany, Greece, Hungary, Ireland, Israel, Italy, Norway, Poland, Romania, Russia,
Serbia, Slovakia, Slovenia, Spain, Sweden, Switzerland, Turkey, Ukraine and United King-
dom. Last not least, ESA and the COST action 296 were associated with us. This report is a
clear result of this diversity.
It is organized in the following way:

• This introduction gives an overview of the organization of the action. It then compares
briefly what had been foreseen in the Memorandum of Understanding and what has actu-
ally been delivered.

• Each of the four working groups has one chapter where it reports the achievements ob-
tained in the course of this action. The four chapters are organized largely in the same
way.
– A synthesis section outlines the rationale of the working group and makes a more

detailed comparison between the statements of the MoU and the results obtained by
the working group.
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– Several topical papers review the state of the art in selected areas of relevance to this
action and report on specific work done by working group members in the frame of
the action. Each paper has been reviewed internally and anonymously.

The rationale sections combined with material from the topical review papers will constitute
a special issue of Space Science Review that will be published in 2009. The topical research
papers will constitute a special issue of Acta Geophysica which is planned for December
2008. Both journals are peer review journals. That means that our action will still produce
significant deliverables after its completion. This report has been prepared by the whole Man-
agement Committee (MC). In order to work efficiently on its completion, we applied to the
International Space Science Institute in Bern (Switzerland) for team meeting support and were
successful. A core group of 12 COST 724 members gathered one week in January 2007 and
one week in September 2007.

2 Birth of the action

In 1996, the European Space Agency (ESA) organized a round table on Space Weather in
order to discuss options for a European counterpart to the US National Space Weather Pro-
gramme. The first Space Weather workshop was launched two years later. At that time the
community was developing and the perspective for a coordinated effort in the field of Space
Weather was investigated.
ESTEC maintained a key role in structuring the field in Europe, primarily by organising an-
nual workshops from 1998 to 2003. In parallel, it funded a study on the feasibility of a Euro-
pean Space Weather Programme for which two broadly based international consortia were ap-
pointed. In order to coordinate their work on the feasibility studies the Space Weather Working
Team (SWWT) was created. The results of the two parallel studies were published in 2001.
They proposed several strategies to develop Space Weather related activities in Europe and
clearly demonstrated that Europe has very strong assets which could potentially be exploited
in European or International Space Weather services.
It was clearly understood that the coordination and development of Space Weather services
would enhance the efficiency of these activities and provide new opportunities for the use of
resources across domains that are currently separated from each other.
The SWWT continued to be active in its advisory role following the end of the two parallel
studies. One of the recommendations of the SWWT was to apply for a COST action targeted
at the science underpinning Space Weather. This led eventually to COST 724 which started in
November 2003.

3 Organization of the action

From its beginning, the action has been organized around a bureau composed of the chair-
man J. Lilensten, the vice chair A. Belehaki, and the four working group leaders (WG1:
M. Messerotti; WG2: R. Vainio; WG3: J. Watermann). During the first two years F. Jansen
was the leader of WG4. He was subsequently replaced by the chairman of the action. When
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deemed beneficial for the work, experts from the MC were invited to the bureau for certain pe-
riods (M. Candidi, D. Heynderickx). The bureau prepared the MC meetings, served as a think
tank and took such decisions which did not require approval by the whole MC. Of course,
the bureau did not take decisions on items which are under the authority of the whole MC.
Specific tasks of the bureau concerned the management of our budget and of the numerous
short term scientific missions.

4 Achievements of the action versus the Memorandum of Understanding

The MoU states in its introduction that The main objective of the Action is to develop further
within a European framework the science underpinning space weather applications, as well
as exploring methods for providing a comprehensive range of space weather services to a
variety of users, based on modelling and monitoring of the Sun-Earth system. After four years
of existence of COST 724 this has resulted in:

• Eleven MC meetings, most of them combined with scientific meetings. After the kick-off
meeting in November 2003 in Brussels (Belgium), we organised three scientific and MC
meetings in 2004, in Nice (France), Trieste (Italy) and Noordwijk (The Netherlands). In
2005, we met in Vienna (Austria), Athens (Greece) and Noordwijk again. In the following
year we had a meetings in Antalya (Turkey) and Brussels. Finally, in 2007, we had a
meeting in Sofia (Bulgaria) and have one in Brussels to close the action. Two proceedings
collections where published on CD-ROM, and most of the scientific contributions to the
Noordwijk and Brussels meetings reside on ESA/ESTEC meeting web sites.

• Fifteen short term scientific missions. They involved about 35 researchers from many
of our participating countries. The outcomes of these missions are described in different
chapters of this report.

• An international space weather school (2-19 May 2006). Initiated by the chairman J. Lilen-
sten and organised under the leadership of our Italian national delegate M. Messerotti
this school took place at ICTP in Trieste (Italy). COST 724 was co-organiser together
with the ICTP and the US National Science Foundation. About 30 participants from our
OCDE/COST countries were funded by COST and NSF, and the same number of students
from developing countries were funded by ICTP - UNESCO.

• Creation of the Space Weather Web Portal. This is one of a major deliverables of our ac-
tion. It is physically located in Brussels, but it is mainly a distributed facility where codes
can be run from distant computers, data can be downloaded, catalogues may be consulted.
A large part of this portal is dedicated to public outreach. This part was translated by our
MC members into 15 European languages. The portal is described in the WG4 chapter.

• Initiation and organization of the European Space Weather Week (ESWW). COST 724
assumed the main role in this activity which will be emphasized hereafter. This also is a
major outcome of our action.

• Two books. One explains space weather to a broad educated but non-specialist audience.
The other constitutes the outcome of the ESWW 2. Finally, this report will be published
by OPOCE ed. in 2008 in the forms of a book and an online version.
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• Two special issues of Annales Geophysicae. One of them focusses on ESWW 1 and the
other on ESWW 3. ESWW 4 will hopefully have its papers published jointly by the Euro-
pean Geosciences Union (EGU) and the American Geophysical Union (AGU) in the peer
reviewed AGU journal ”Space Weather”. This is expected to open a collaboration between
the EGU and AGU to create a common peer reviewed journal devoted to the discipline.
Also this is a joint COST 724 - ESA initiative. Also foreseen is a special issue of Acta
geophysica and a special issue of Space Science Reviews devoted to the outputs of our
action. Publications are expected in December 2008 or early 2009.

• More than 350 scientific papers in international refereed journals. It is not possible to
determine the exact number, partly because it is difficult to determine whether a paper
published by one of the COST 724 members is really relevant to the action, and partly
because authors often forget to inform the working group leaders about their recent publi-
cations.

• Four partially interactive working group web sites. Working groups 1, 2 and 3 created
their own web sites as working and communication tools. For instance, detailed lists of
space weather related publications by COST 724 members were collected by the WG
leaders and published on the WG web sites. The fourth one is a tool for the whole action
http://cost724.obs.ujf-grenoble.fr/ from which the three first can be reached.

• An international team funded by the International Space Science Institute (Bern, Switzer-
land) with the objective of compiling the COST 724 final report. Twelve experts from our
action participated in this team.

Behind this quantitative approach, a lot of scientific progress has been made. The MoU states
the following tasks:

• MC:
1. Manage liaisons with external groups;
2. Consolidate the WG output into annual reports;
3. Organise annual workshops

• WG1
1. Create a catalogue of existing sources of data and models;
2. Review scientific understanding
3. Recommend, implement and evaluate a scheme for predicting SEP onset;
4. Recommend, implement and evaluate a scheme for predicting CME initiation;
5. Recommend, implement and evaluate a scheme for predicting solar EUV radiation

variations
• WG2

1. Create a catalogue of existing sources of data and models and of reported space
weather events when humans, satellite and avionic technology was affected

2. Review scientific understanding
3. Recommend, implement and evaluate a scheme for modelling SEP effects, trapped

radiation and galactic cosmic radiation at the Earth;
• WG3

1. Create a catalogue of existing sources of data and models;
2. Review scientific understanding
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3. Recommend, implement and evaluate a scheme for modelling CME propagation to,
and interaction with, the Earth;

4. Recommend, implement and evaluate a scheme for modelling induced ground elec-
tric fields; Create a catalogue of reported events when ground-based technology was
affected

• WG4
1. Create and manage website with links to data sources identified by WG1-3; Incorpo-

rate outreach material.
2. Identify where standards on data exchange need to be set, and propose solutions;
3. Implement and maintain catalogues of reported events on the web site;
4. Manage web links to models implemented by WGs incorporating data exchange stan-

dards;
5. Summarise usage statistics;
6. Manage space weather events catalogue

Management committee: We liased with ESTEC along the course of the action. ESTEC has
created an advisory board called the ”Space Weather Working Team” (SWWT). Its lead-
ers, M. Hapgood and A. Glover from ESTEC, have been permanent members of our MC.
Similarly, J. Lilensten, chair of the COST 724 action has been included in the SWWT.
Following the two ESA parallel feasibility studies quoted above, ESA embarked in 2003
upon a 2-year Space Weather Applications Pilot Project which incorporated 17 ESA co-
funded Service Development Activities (SDAs) and a number of additional independently
funded SDAs. The pilot project as a whole is named the ”Space Weather European NET-
work” (SWENET). It is not surprising that many of the colleagues involved in the COST
724 action are also involved in one of the SDAs. It was therefore one of the main tasks of
the MC to maintain a very close cooperation with ESTEC, SWENET and the SWWT, as
natural partners.
Our action also created strong links with COST 296 devoted to ionospheric applications.
This is described in the WG4 chapter. We also had permanent contacts with the board of
the International Heliophysical year. Y. Tulunay, from COST 724 was officially elected
as our representative to the IHY management committee. Our action is also linked to the
International Electronic Year. M. Messerotti, from COST 724 is our official representative
there. We are also connected to the International Polar Year (IPY). J. Watermann served
as program chair of the Greenland Space Science Symposium and will be guest editor of
a special issue of JASTP devoted to scientific results from that symposium and from the
ICESTAR initiative. Both are elements of the IPY project #63 ”ICESTAR/IHY”, the only
genuine STP project among the proposals officially endorsed by IPY. Through M. Can-
didi, National Italian representative, our action is also linked to the ICESTAR programme.
The goal of the ICESTAR programme is to create an integrated, quantitative description
of the upper atmosphere over Antarctica, and its coupling to the geospace environment.
Our delegates to these actions regularly reported during our Management Committee
meetings and gave reports on our COST action during these program meetings. Mutual
invitations have been made in order to link the different communities and with different
exchanges of informations.
Finally, we established relationships with the meteorological community. This has been
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a long way, and we are not yet at the end. From the first European Space Weather week,
we organized a plenary session devoted to meteorology. This allows our community to
meet some meteorologists and start linking together. In the other way round, one of our
MC members (M. Messerotti) convenes a session at the 2007 European Meteorological
Society annual meeting.
As stated above, we had much more than one annual report, and much more than one
annual meeting.

WG1, WG2 and WG3: catalogues of existing sources of data and models have been compiled
and are available on the Space Weather Portal through a link to the INAF-Astronomical
Observatory of Trieste that maintains them. The review of the scientific understanding
is particularly clear in some of the topical papers included in this report and are often
achievements of short term scientific missions.
The evaluation and recommendation of predicting schemes have not been performed.
This is due to the lack of funding. In this extend, the MoU was too ambitious. Such a
task would necessitate a board of engineers to run the codes and compare the outputs
a.s.o. However, we implemented codes in most of the domains. SEP, CME and EUV in
WG1 have all been adressed. Special attention must be given to the EUV problematics.
Here, because of the small number of existing codes, our group could review all of them
and give recommendations. WG2 implemented codes for trapped radiation and galactic
cosmic radiation at Earth. Again, special mention must be made of the cosmic radiations.
Several STSM were devoted to this topic, and for the first time, the existing codes have
been compared. Several papers are devoted to this in the report. Finally, in WG3, models
of CME and SEP evolution and interaction with the Earth environment have been de-
velopped. Specially mentioned should be codes for computing geomagnetically induced
ground electric fields where applications have been developed.
Finally, each WG created its own web server:
• http://ca724wg1.ts.astro.it/ for WG1
• http://theory.physics.helsinki.fi/∼space/cost724/ for WG2
• http://www.dmi.dk/projects/COST724 WG3/home.htm for WG3

WG4 As mentioned, a web site with links to data sources identified by WG1-3 was created
along with the catalogues. The catalogue of events was focussed on the reported space-
craft failures and constitutes the largest list ever assembled in this field. In the rationale
paper introducing the WG4 chapter, an analysis is made of where it succeeded, where it
went further than the MoU and where it failed.
WG4 was also in charge of dissemination and outreach activities. As far as outreach is
concerned, COST 724 through its WG4 participated in different activities, ranging from
the development of educational laboratory experiments to participation in a European
space weather fair. All these are reported in this volume. On the European web portal,
most of the outreach pages are translated into different languages. That was our deci-
sion, and is now underlined by many users of different countries: they like very much the
fact that they get information in their own langage (Greek, French, German, Slovenian,
to name just a few). Another point is that we asked primary school pupils from several
COST countries to illustrate space weather. Their artwork is now on our web site and,
because of friendly relationships with the International Heliophysical Year committee,
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it was shared with them. This resulted in participation of COST 724 people in several
school programs.

5 Conclusion

From our point of view, it was certainly of great value to our community that an action on
space weather was accepted by COST. Although COST provides cement funding only this
proved to be very powerful. In the concluding chapter of this report, we give some hints on
what the future might be, and how our community should now evolve.
We have been working hard to make our discipline known by the decision makers. We met
delegates from different commissions of the European Union, we met scientific advisors in
different national ministries. We also met space, aircraft, telecommunication (...) industri-
als. Now, thanks to ESTEC and to our action, the term space weather is known in Europe.
However, nothing is secured yet. We see in Europe several countries capable of creating the
European Space Weather Centers which will sustain our discipline on our continent. But that
will still take some years. In the meantime, no other instrument but a COST action is that
powerful to maintain a unified European community in our field.

Acknowledgements We thank the french space agency CNES for providing our action with
a secretariat during the three last years. That was an invaluable help to our success. We thank
ISSI for having offered us their facility in order to finalize this final report.

Appendix All over this report, many accronyms are used. Although they are usually written
out at the first use, it may be useful to have a complete glossary at hand. Our action produced
one which resides at the European Space Weather Web Portal. However, it is often usefull to
have more than one dictionary. This is why we suggest here links to several solar terrestrial
glossaries:

• http://www.spaceweather.eu
• http://www.movingsatellites.com/glossary.html
• http://web.hao.ucar.edu/public/education/glossary.html
• http://mcdonaldobservatory.org/research/glossary/
• http://www-spof.gsfc.nasa.gov/Education/wgloss.html
• http://www.ngdc.noaa.gov/stp/GLOSSARY/glossary.html
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1 Introduction

Working Group 1 (WG1), Monitoring and Predicting Solar Activty for Space Weather
(http://ca724wg1.oats.inaf.it/), of COST Action 724 (CA724) was aimed at dealing with the
most relevant aspects of solar activity as the primary driver of space weather. More than 50
specialists from institutes all over Europe participated in this joint effort by submitting specific
Expression of Committments relevant to their respective research fields.

The WG1 Kickoff Meeting was held in Trieste on May 2004. The discussion during that
meeting and the dynamic fine tuning occurred at a later time led to the formation of the
following Work Packages (WP):

WP 10000 Coordination Activities.
WP 11000 Solar Magnetic Activity Analysis.
WP 12000 Solar Electromagnetic Radiation Analysis.
WP 13000 Solar Particle Emission Analysis (in collaboration with WG2).
WP 14000 Coronal Mass Ejection Analysis.
WP 15000 Liason with CA 296.
WP 16000 Liason with CA 724 WG4.

The final structure of WG1 is reported in Fig. 1, where the Leaders and Co-Leaders of the
WPs are specified.

The activities of each WP were devoted to:

• Reviewing of available models and data.
• Developing models.
• Performing experimental research.

In the papers included in this chapter, a selection of important results achieved in WG1
during the four years of the action are presented. In addition to such specific papers describing
and reviewing the actual work, highlights on the advancements in solar activity understanding
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Fig. 1. Structure of COST Action 724 Working Group 1.

and predicting is given in the first paper. Due to the variety of the solar activity phenomenol-
ogy, this paper gives some background information only on a selected subset of solar activity
features, which can anyway serve as an introduction to the specific papers. Therefore, it not
aimed at providing a comprehensive review of the physics underpinning solar activity.

The reviewed solar models and data sources are schematically presented in the following
sections. The online archiving system for the data and model reviews by WG1, WG2 and
WG3 (http://ca724wg1.oats.inaf.it/mod data.php) was developed by WG1 as a contributed
activity to WG4.

In addition to the physical background presented in the first paper, the specific papers of
the chapter are providing additional reviews and original results on the following topics: (1)
Zuccarello et al. describe some aspects relevant to the emergence of magnetic structures on
the solar surface; (2) Zuccarello et al. report some results obtained from multi-wavelength
observations carried out to study the mechanisms operating in flares and filament eruptions;
(3) Lundstedt discusses the understanding of solar activity based on mathematical concepts
and what should be observed for predictions; (4) Kretschmar et al.present recent efforts to
quantify the solar extreme (EUV) and far ultraviolet (FUV) irradiance variability and discuss
what should and could be measured in order to retrieve the solar EUV and FUV spectrum;
(5) Storini et al. review available long-term and short-term forecast techniques for Solar Ener-
getic Particle (SEP) events and a recent work on the development of a new short-term warning
technique for SEP event occurrence that is based on flare location and integrated soft X-ray
and low-frequency radio emission; (6) Žigman et al. present the research of the lower iono-
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sphere, in terms of D-region electron density enhancements during Solar X- ray flares caused
by the Sun eruptive activity. (7) Messerotti and Chela-Flores review the understanding about
the role of solar activity for life emergence and evolution focusing on the interrelationships
between space weather and Astrobiology.

The above papers represent just a selection of results achieved by WG1. In fact, e.g., on the
monitoring side there are presently no European space experiments except those on SoHO or
minor participation on non-European experiments such as e.g. RHESSI or recently, STEREO.
At the start of the CA724 it was foreseen that the ESA technology mission PROBA2, with its
solar experiments SWAP (Berghmans et al., 2006) and LYRA (Hochedez et al., 2006) would
bring a European mission for solar monitoring with a launch that was originally set to 2006.
In the course of the COST action the date of launch of PROBA2 has been delayed to 2008,
which implies that at the end of the Action there is still no dedicated European space weather
mission. Nevertheless, there are many missions monitoring the Sun, which are accessible to
the European community and Europeans are actively involved in using the data to address
space weather issues (Hochedez et al., 2005). Moreover, fundamental research work has been
performed on CMEs which can be found in the literature (Bothmer and Daglis , 2007).

2 Summary of Solar Models Reviewed by WG1

The models reviewed by the members of WG1 are listed in Tables 1, 2 and 3. Each line in the
tables contains data for one model. The first column gives the name of the model, the second
column gives the domain of the model, the third indicates whether the model is a physical
(P), empirical (E) or a semi-empirical one (S-E), the fourth column gives the most important
input parameters or data to the model, the fifth column describes the output of the model, and
the sixth column gives some reference information, a website about the model. Some of the
models are also decribed in more detail in the specific papers of this chapter.

3 Summary of Solar Data Sources Reviewed by WG1

Table 2 reports a selection of solar and solar-terrestrial data sources that where either provided
or identified by WG1. The resources are categorized according to their operational features as
(see Table 2):

• Archive Portals, which provide web-based data search and retrieval on limited datasets.
• Data Grids, which provide web-based complex data search and retrieval on geographically

distributed repositories.
• Catalog Search facilities, which provide web-based cross-search on data catalogs.
• Virtual Observatories, which provide web-based data search, retrieval and visualization

on geographically distributed repositories.
• Space Weather facilities, which provide web-based space weather products.

The list of resources is far from being a comprehensive one, but it express the fact that most
resources not explicitly listed are available through the listed ones, a typical role played by
the Virtual Observatories.
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Table 1. Solar activity models reviewed by WG1.
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Table 2. Solar activity models reviewed by WG1.
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Table 3. Solar activity models reviewed by WG1.
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Table 4. Main characteristics of reviewed solar and solar-terrestrial data sources. (Acronyms in Table 2)
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Table 5. List of Acronyms used in Table 2

AP Archive Portal
CP Circular Polarization
CS Catalog Search
DG Data Grid
dm Decimetric Band
DISCO Data Interface to the Sun at Capodimonte Observatory
DOPM Dopplergram
EGSO European Grid of Solar Observations
F Flux
FD Full-Disk
IMG Images
INAF-OAC INAF-Astronomical Observatory of Capodimonte
INAF-OARM INAF-Rome Astronomical Observatory
INAF-OATO INAF-Turin Astronomical Observatory
INAF-OATS INAF-Trieste Astronomical Observatory
m Metric Band
MAGM Magnetogram
M-B Multi-Band
M-I Multi-Instrument
N-B Narrow-Band
NSO National Solar Observatory
OBSPM Observatoire de Paris Meudon
PSPT Precision Solar Photometric Telescope
RWCS Regional Warning Center Sweden
ROB Royal Observatory of Belgium
RSPRM Radio Survey Project and Radio Monitoring
SAR Solar Archive
SEC/EGSO Solar Event Catalog/EGSO
SEC/NOAA Space Environment Center/NOAA
SEC SWDP Space Environment Center - Space Weather Data Products
SIDC Solar Influences Data Analysis Center
SISP Swedish Institute for Space Physics
SOLAR SOho Long-Term Archive
SOLARNET SOLar Archive NETwork
SOLRA SOLar Radio Archive
SPWDP Space Weather Data Products
S-T Solar-Terrestrial
VISUAL Visualization
VO Virtual Observatory
VSO Virtual Solar Observatory
VSPO Virtual Space Physics Observatory
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The SOLARNET facility was consolidated in the light of CA724 and the related data made
available. In particular, the Solar Radio Archive (SOLRA) of the Trieste Solar Radio System
(TSRS; http://radiosun.oats.inaf.it/) has been providing solar radio indices with a time cadence
of 1 minute in the metric and decimetric bands (among which the 11cm one of relevance
as proxy of solar activity and for ionospheric modelling and prediction), which have been
fed on a routinary basis into the European Space Weather Network (SWENET; http://esa-
spaceweather.net/swenet/index.html) with the related 1-min ahead forecast.

During the action, advanced space weather services were set up at the following collabo-
rating institutions:

• Lund Space Weather Center in Sweden(http://www.lund.irf.se/) for solar activity forecast-
ing.

• Solar Influences Data Analysis Center in Belgium (SIDC; http://sidc.oma.be/) for activity
feature identification and tracking on solar images.

• Paris Observatory in France (http://secchirh.obspm.fr/) for radio monitoring of Coronal
Mass Ejections (CME).

4 Conclusions and Outlook

In the following, we enumerate the aims of WG1 as stated in the Memorandum of Under-
standing (MoU) by reviewing relevant progresses achieved for each of them.

A1. To research the use of solar observations (eg. extreme ultraviolet images, X-ray obser-
vations, radio emissions) and models (eg. magneto-hydrodynamic models of flux tubes)
for predicting energetic particle events. An extensive work has been carried out about
the evolution of active regions and the pre-flaring conditions based on multi-band, high-
resolution observations (e.g. Zuccarello et al., this issue; (Hochedez et al., 2005); Žigman
et al., this issue). The original approach for analysing and predicting solar activity by
Lundstedt (this issue) was improved and extended and a new model for SEP forecasting
by Storini et al. (this issue) represent a significant step forward. An automated system for
solar radio indices prediction was set up in Trieste. The effects of solar activity on liv-
ing species was considered in the context of Astrobiology (Messerotti and Chela-Flores ,
2007).

A2. To research the use of solar observations and models (as above) for predicting Coronal
Mass Ejections (CME). New image segmentation techniques and algorithms for CME
identification and tracking have been set up (e.g. Delouille et al. (2005), Barra et al.
(2005), (de Wit , 2006)). Oservations and modelling of CMEs have been extensively
carried out (Bothmer and Daglis (2007) and references therein).

A3. To research the modelling and prediction of solar extreme ultraviolet radiation (EUV)
which affects atmospheric density and hence drag on satellites at low Earth orbit alti-
tudes. A model for the reconstruction of the EUV/FUV spectrum from a selected subset
of spectral lines was developed (see Kretschmar et al., this issue, and references therein).
This technique appears quite promising and further refinements are expected when new
data will be made available from space missions.
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A4. To liaise with COST Action 271 (Effects of the Upper Atmosphere on Terrestrial and
Earth-Space Communications; http://www.cost271.rl.ac.uk/) where monitoring and mod-
elling of solar activity is relevant to ionospheric radiopropagation. COST Action 271
ended in 2004 and its role was taken over by COST Action 296 (Mitigation of Ionospheric
Effects on Radio Systems; (http://www.cost296.rl.ac.uk/). In this framework, CA296 pre-
pared a comprehensive catalog of ionospheric models.

A5. To liaise with COST Action 724 Working Group 4 to ensure relevant data and mod-
els are incorporated in a European Space Weather Network. An archive for data and
model reviews, common to WG1-WG2-WG3 was developed and incorporated in the
space weather portal. The models developed about the various aspects of solar activity
described above have been still either under refinement or under testing and validation
due to their innovative approach, and cannot be made available yet. WG1 actively col-
laborated with WG4 for spreading the information and participated in various I*Y activi-
ties with special attention to IHY (International Heliophysical Year) and eGY (electronic
Geophysical Year). A detailed analysis of the terminology, the concepts and the research
fields of space weather was performed via concept maps as a basis for the construction of
a space weather knowledge model and ontology (M. Messerotti, this issue).

In summary, WG1 added many significant tiles to the knowledge framework of monitoring
and predicting solar activity, but the full accomplishment of the above aims showed to be a
quite ambitious goal on the timescale of the Action in the light of the complexity of the solar
phenomenology and of the lack of a set of self-consistent models capable of successfully
reproducing the observed phenomenology. As we stress in the paper on advances in solar
activity understanding, the chaotic nature of the Sun as a complex plasma system requires
real-time high resolution observations from the ground and from space as well as advanced
mathematical techniques for analysing the observations, for modelling the physical processes
and for predicting the transient, the medium- and the long-term behaviour. This is the most
promising perspective for gaining a step forward in the prediction of solar weather and solar
climate.

References

Barra, V., Delouille, V., Hochedez, J.-F., Chainais, P.: Segmentation of EIT Images Using
Fuzzy Clustering: a Preliminary Study. In Proc. 11th European Solar Physics Meeting ”The
Dynamic Sun: Challenges for Theory and Observations” (ESA SP-600). 11-16 September
2005, Leuven, Belgium. Editors: D. Danesy, S. Poedts, A. De Groof and J. Andries. Pub-
lished on CDROM., p.77.1

Berghmans, D., Hochedez, J.-F., and 15 Co-Authors: SWAP onboard PROBA 2, a new EUV
imager for solar monitoring. Adv. Sp. Res., 38, 1807–1811 (2006)

Bothmer, V., Daglis, I.A.: Space Weather - Physics and Effects. Springer, Berlin (2007)
Delouille, V., de Patoul, J., Hochedez, J. F., Jacques, L., Antoine, J. P.: Wavelet Spectrum

Analysis Of Eit/Soho Images. Solar Phys., 228, 1, 301–321 (2005)
de Wit, T. Dudok: Fast Segmentation of Solar Extreme Ultraviolet Images. Solar Phys., 239,

1–2, 519–530 (2005)



Monitoring and Predicting Solar Activity for Space Weather 13

Hochedez, J.-F., Zhukov, A., Robbrecht, E., van der Linden, R., Berghmans, D., Vanlom-
mel, P., Theissen, A., Clette, F.: Solar weather monitoring. Ann. Geophys., 23, 3149–3161
(20005)

Hochedez, J.-F., Schmutz, and 37 Co-Authors: LYRA, a solar UV radiometer on Proba2. Adv.
Sp. Res, 37, 303–312 (2006).

Messerotti, M., Chela-Flores, J.: Signatures of the Ancient Sun Constraining the Early Emer-
gence of Life on Earth. In Space Weather: Research towards Applications in Europe, J.
Lilensten (ed.), Springer, Berlin, 49–59 (2007)





Advances in Solar Activity and Solar Weather Modelling
and Predicting

M. Messerotti1,2, F. Zuccarello3, and H. Lundstedt4,5

1 INAF-Astronomical Observatory of Trieste, Loc. Basovizza n. 302, 34012 Trieste, Italy
messerotti@oats.inaf.it

2 Deptartment of Physics, University of Trieste, Via A. Valerio n. 2, 34127 Trieste, Italy
Mauro.Messerotti@ts.infn.it
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Summary. This work aims to review some advances relevant to the comprehension, modelling and
prediction of solar activity. We emphasize the chaotic nature of the plasma processes that underpin solar
activity and focus on key topics and techniques considered in the light of the solar models review carried
out in the framework of COST Action Working Group 1.

1 Introduction

Since a long time, the occurrence of the 11-year activity cycle of the Sun is known. This cycle
affects many characteristics of Sun variables: the number of active regions, their position on
the solar surface, the total solar irradiance, the EUV and radio fluxes, the number of flares
and CMEs, the solar wind parameters, the heliosphere characteristics and so on. Further, as
it is the primary driver of Space Weather. it is important to improve our knowledge on solar
phenomena. In the last decades, it has greatly improved thanks to high resolution observations
performed by means of ground-based and satellite instruments. In this period there have also
been important advances in the theory, thanks to a new generation of computational tools. In
this work we provide some highlights on selected key topics relevant to solar activity in the
light of the models that were identified and reviewed as a goals of COST Action 724 Working
Group 1.

The paper is organized as follows. In Section 2 we briefly elaborate on the physical nature
of solar activity and its descriptors. Advanced analysis and prediction techniques are outlined
in Section 3. A classification of solar models is discussed in Section 4. Phenomena related
to the emergence of magnetic flux are presented in Section 5 and solar weather in Section 6.
Mid- and long-term solar activity are considered in Section 7. The conclusions are drawn in
Section 8.
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2 Solar Activity: Nature

Solar weather, the physical state of the solar plasma in the outer layers, is driven by the
interplay between the plasma flow and the magnetic field. We therefore need to observe these
quantities with the highest temporal and spatial resolution. However, not only are regions of
the solar surface connected. They are also connected with processes below the solar surface
and above, in the solar corona and in the interplanetary medium.

Fig. 1. Solar Weather in the solar-terrestrial environment

Particle and electromagnetic emissions that characterize Solar Weather determine the
physical state of the Heliosphere and, in particular, of the Geospace (Fig. 1). The time and
space evolution of such emissions are related to Solar Activity and their drivers are identified
in the variety of plasma processes that occur inside the Sun and in its atmosphere. A rough
scheme of these drivers and their relationships can be represented by a Concept Map such as
the one reported in Fig. 2.

2.1 The Sun as a Complex Plasma System

A heuristic representation of the Sun and the key agents which determine Solar Activity can
be schematized as in Fig. 3: the Sun is a complex plasma system that is subject to: (a) inner
global fluid motions; (b) generation of a global magnetic field; (c) differential and to non-
axisymmetric motions; (d) generation of localized magnetic fields; (e) external global fluid
motions; (i) generation of a large-scale magnetic field. Hence Solar Activity is a manifestation
of coupled, multi-scale, chaotic processes (Fig. 4)



Advances in Solar Activity and Solar Weather Modelling and Predicting 17

Fig. 2. Activity triggers and solar drivers of solar weather

2.2 Solar Activity as a Manifestation of Coupled, Multi-Scale, Chaotic Processes

Various aspects of the chaotic nature of the Sun have been considered in the literature e.g.:
- Mandal and Raychaudhuri (2005) elaborated on a proof of the chaotic nature of the Sun
through neutrino emission; - an evidence of a chaotic behaviour in the solar dynamo from
the variations of the Sun’s magnetic field in the last 100 years was indicated by Lockwood
et al. (1999); - the evidence for a chaotic Sun from the analysis of the period and phase of
the 88-year solar cycle was discussed by Feynman and Gabriel (2004); - a model of chaotic
reconnection due to fast mixing of vortex-current filaments was proposed by Yatsuyanagi
et al.(2000); - stochastic reconnection was considered by Lazarian et al. (2004). Hence the
chaotic nature of the processes cannot be disregarded when modelling any of the manifesta-
tions of Solar Activity like Active Regions (AR) (Fig. 5) and Solar Flares (Fig. 6).

2.3 Solar Activity: Description

The common way to describe solar activity is based on a set of descriptors (e.g. Messerotti
(2001), that are defined as either observable or observable-derived entities:

A = A(s; t; E) (1)
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Fig. 3. The Sun as a complex plasma system

Fig. 4. The Sun as a chaotic plasma system
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Fig. 5. Synopsis of active regions

Fig. 6. Synopsis of solar flares

where AεRn, sεR3 is a spatial variable, tεR1 is a time variable, and EεRn is an energy
variable.

In such a case, a descriptor is named ”index”, whereas it is named ”proxy” when it has
no direct relationship with the considered observable but it is instead inferred from other
observables which have a tight or a loose physical coupling with the considered one.
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An Active Region can be characterized via a Morphology Descriptor M :

M = M(x, y, z) (2)

and via a Magnetic Descriptor M

M = M(x, y, z) (3)

which lead to a classification based on a defined set of variation ranges.
The evolution of an AR is characterized by the time evolution of the above descriptors,

which has to be interpreted according to a formation process model:

M = M(x, y, z; t)
M = M(x, y, z; t) (4)

Similarly, its geoeffectivity potentiality in terms of capability to generate or to trigger
geoeffective events can be estimated by the time evolution of the descriptors. In particular, as-
suming a formation process and taking into account specific observations, a relevant precursor
framework can be identified.

The inadequacy of global descriptors appears evident when considering the chaotic nature
of the underpinning processes which greatly expand the complexity of the behaviour of the
Sun as a complex physical system. Hence more refined analyses and mathematical descrip-
tions of the physics are needed to improve the understanding and the prediction reliability.

3 Advanced Analysis and Prediction Techniques

The non-linearity and chaotic nature of solar magnetic activity make the use of intelligent
hybrid system very powerful (Lundstedt, 2006).

Solar magnetic activity is interpreted in terms of the interplay between the solar plasma
flow vector (V) and the solar magnetic field vector (B). Solar magnetic activity is then de-
scribed using both mathematical and physical concepts. The two descriptions will then be
integrated into a hybrid neural network. The concepts and relations are illustrated in a concept
map (C-Map) (e.g. Messerotti, 2002) (Fig. 7).

Two examples of predictions based on observations of the plasma flow and the magnetic
field are presented in the following sections.

3.1 Solar Flares and Subsurface Flows

A significant correlation between strong plasma downflows and high magnetic activity, indi-
cated by strong solar flares, was found in Jensen et al. (2004) (Fig. 8). A neural network was
trained to predict an event of at least one major solar flare based on maps of subsurface flows.
The predictions were promising, despite the lack of a large input dataset (Jensen et al., 2004).
Such large dataset and near-real time maps will become available from both Global Oscillation
Network Group (GONG) and will come shortly from SDO (Solar Dynamics Observatory).
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Fig. 7. C-Map of solar magnetic activity and its predictions.

Fig. 8. The synoptic map shows the divergence of the observed flows at a depth of 4.6Mm. Bright regions
represent inflow and dark outflow. The contour lines show the magnitude of magnetic field strength. The
size of the dots indicate flare from small C, medium M and large X. The synoptic map shows Carrington
rotation 2009, i.e. during the Halloween event 2003.
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3.2 Magnetic Activity Years Ahead

Solar synoptic maps provide an important visualization of global patterns. Maps are available
of sub-surface flows, photospheric and coronal magnetic fields. In Lundstedt et al. (2006) we
averaged longitudinally synoptic maps from Wilcox Solar Observatory (WSO) at Stanford.
The data cover three cycles from 1976 up to present. The averaged map is shown in Fig. 9.
Many interesting features are visible: The variation of the Butterfly diagrams, the transport of
flux to the poles, and the asymmetry for the both hemispheres.
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Fig. 9. Longitudinally averaged synoptic magnetic fields.

Neural networks have been trained, based on data from the longitudinally averaged synop-
tic map, to predict the total magnetic flux Carrington rotations ahead. A correlation coefficient
of 0.82 was reached between the predicted and observed values two years ahead (Lundstedt
et al., 2006). Similar studies are planned using SDO data.

4 Classification of Solar models

All our knowledge about the Sun is resumed by models, which try to describe the several
phenomena which involve our star. Among the models we can distinguish various levels, or
orders, depending on the scale considered and on the depth of the physical description of the
phenomena analyzed (see Fig. 10).

In this scenario, the zero order model is represented by the Solar Standard Model (SSM),
describing the structure of the solar interior, not directly accessible through the analysis of the
electromagnetic radiation, due to the high plasma opacity (see, e.g., Christensen-Dalsgaard et
al. (1996); Bahcall et al. (2001)) .

In the last years, the Solar Standard Model has been clearly confirmed by the analysis of
the helioseismic data (Gough et al. (1996); Kosovichev et al. (1997)).
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First order models can be considered those concerning the Solar Interior, the Quiet Atmo-
sphere, the Interaction between the physics of Magnetic Field and the Solar Plasma.

Models concerning the Solar Interior can be divided in those concerning the nuclear reac-
tions (EM emission, solar neutrinos (Cleveland et al. (1998); Fukuda et al. (1999); Ahmad et
al. (2001), Bahcall et al. (2001); Ahmad et al. (2002); Bandyopadhyay et al. (2002); Bahcall
et al. (2003), etc.), the oscillations (causality, modality, detectability) (Leightonet al. (1962);
Ulrich (1970); Leibacher and Stein (1971); Deubner (1975); Ando and Osaki (1975); An-
tia et al. (1982); Unno et al. (1989); Christensen-Dalsgaard and Berthomieu (1991); Gough
et al. (1996); Kosovichev et al. (1997)), the solar rotation (rotation as a function of the
solar radius, differential rotation, meridional flows, interaction between rotation and con-
vection)(Skumanich (1972); Gilman and Miller (1986); Glatzmaier (1987); Brummell et al.
(1998); MacGregor and Charbonneau (1994); Hathaway et al. (1996); Thompson et al. (1996);
Schou et al. (1998)), and the convection (mixing length, giant cells, supergranules, granules).

Models concerning the Solar Atmosphere divide in those concerning the quiet atmosphere
(density, pressure and temperature stratification), the granulation, the photospheric turbulence,
the chromospheric and coronal heating, and the coronal expansion into the interplanetary
space to form the heliosphere.

Models concerning the Interaction between Magnetic Field and Solar Plasma divide in
those concerning solar dynamo (change in the magnetic field configuration from poloidal to
toroidal and reverse (see, e.g. Cowling (1933); Parker (1955); Babcock (1961); Steenbeck
and Krause (1969); Yoshimura (1975); Stix (1976); Krause and Radler (1980); Stix (1991)),
active region formation and evolution, loop stability and heating, eruptive phenomena (flares,
CME), solar wind modulation and acceleration and so on.

More detailed models are second order models, like for instance those concerning waves
formation and dissipation, magnetic field configuration (and extrapolation), flux tube emer-
gence (e.g. Moreno-Insertis (1986); Choudhuri and Gilman (1987); Fan et al. (1993); Schus-
sler et al. (1994); Caligari et al. (1995); Fischer et al. (2000)), magnetic reconnection, mag-
netic helicity, coronal loops.

Finally, the most sophisticated models, that are third order models. Among these mod-
els, we remember those concerning the configuration of magnetic field (potential, linear
force-free, non-linear force-free, non force-free magnetic field), slender flux tube model (one-
dimensional approximation), Ω-loop (two- or three- dimensional approach, see Fig. 11), loop
models (static, stationary, MHD), magnetic reconnection modeling, magnetic helicity input,
magnetic breakout and internal reconnection models, chromospheric evaporation, and so on.

Among all these models, those relevant to activity phenomena are especially important
when we want to attempt to predict solar activity and its effect on Space Weather.

In this context, we will describe the principal phenomena related to solar activity, re-
garding them both as individual phenomena, as well as a whole when the activity cycle is
concerned. This description will be performed, for each topic, by reviewing the observational
main characteristics, the main open questions and the available models; moreover, when ap-
propriate, also the information on the relevant data sets will be given.
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Fig. 10. Models classification.

Fig. 11. Simulation of a twisted flux tube crossing the photosphere.
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5 Phenomena Related to the Emergence of Magnetic Flux in the Solar
Atmosphere

It is now established that the emergence of bundles of magnetic flux tubes in the solar atmo-
sphere is at the basis of active regions (AR) formation.

During the first phases of active region formation, many physical processes are at work:
magnetic coalescence, arch filament system (AFS) formation (see Fig. 12), plasma downflows
along the rising flux tubes, decreasing upward velocities of the magnetic flux tubes, magnetic
reconnection between the rising flux tubes and the ambient magnetic field lines.

As deeply reviewed by van Driel (2002), the scenario of the emergence of active regions
is very complex. It is now established that the appearance of active regions on the Sun is
due to the emergence of magnetic flux tubes from subphotospheric layers. More precisely,
observations seem to indicate that active regions form due the emergence of several small
(radius 200 Km), intense (500 G, 1018 Mx) flux tubes, which are separate during the first
phase of their appearance, but that soon cluster to 2-4 103 G over 100 Km (Fragos et al., 2004),
and references therein). The flux tubes clustering tendency takes place until new magnetic flux
emerges from subphotospheric layers and vanishes as soon as their emergence ceases (Zwaan,
1985). For the first evolutionary phases of an active region the following scenario emerged:

• It is observed an increase of magnetic flux (∼ 1020 − 1021 Mx) in photosphere.
• Hot (bright) EUV and X-ray loops form.
• A compact bipolar plage appears in the Hα and K CaII lines, which expands.
• Connecting the outer edges of the plage of opposite magnetic polarity, an Arch Filament

System (AFS) appears in Hα, which is formed by a bundle of dark arches. The AFS arches
show a rising velocity at their tops of ∼ 10 - 20 km s−1 and downflows at their endpoints
of 10 -50 km s−1. The individual arches have lengths of 1 - 3 ×104 km and a lifetime of
the order of ∼ 20 - 30 min; the AFS exists as long as magnetic flux is emerging.

• In the emergence site structure on little scale (∼ 103 km) appear, which indicate the
emergence of undulatory flux tubes (sea-serpent topology) (Strous & Zwaan, 1999).

• Under the hot coronal and cool chromospheric loops (AFS) the granulation looks fuzzy
in the photosphere. Between the forming flux concentrations (pores and spots) dark in-
tergranular lanes (dark alignments) appear, along which upflow is observed, while at the
ends bright facular grains are coupled with a downflow (Strous & Zwaan, 1999). The in-
dividual lane alignments appear where the tops of magnetic flux tubes are crossing the
photosphere and they last for 10-30 minutes.

• Above sunspots and pores strong chromospheric and photospheric downflow is observed
(∼ 2 km s−1), indicating that convective collapse is taking place, increasing the magnetic
field strength from 500 - 600 G to 1500 G (Zwaan, 1985).

• At the beginning of the flux emergence (on the first day) there is no single magnetic in-
version line, but individual flux emergence events appear all over the active region, small
bipoles of ∼ 2000 km (Wang & Zirin, 1992; Bernasconi et al., 2002). These flux emer-
gence sites may be recurrent and they may appear with a wave-like regularity (Strous &
Zwaan, 1999).

• In general, opposite polarities become almost separated after 24 hours (Wang & Zirin,
1992).
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• Magnetic flux elements move and merge (coalescence) to form pores and sunspots at the
outer edges of the emerging flux region (EFR). The bipoles move apart fast at first (v = 2
km s−1 during the first half hour), then during the next six hours they diverge with a speed
of v = 0.7 - 1.3 km s−1. Pores and sunspots of the same polarity, but formed by different
EFR, may merge forming a single sunspot (Zwaan, 1985).

• Facular motions, emergence locations, flux emergence events (FEE), their subsequent
footpoint motions, Hα AFS, EUV and X-ray loops, all line up in the same direction (Strous
& Zwaan, 1999).

• The orientation of the bipole may be arbitrary at first, but generally in 1-3 days it becomes
almost parallel to the equator (Joy’s law), having a latitude-dependent inclination of few
degrees with the leading polarity closer to the equator.

• When a single bipole is emerging, we see a divergence of opposite polarity spots. Nor-
mally, preceding (p) spots move faster westward (∼ 1 km s−1) than their following (f)
counterparts eastward.

Moreover, there are still several open questions: it is impossible at this moment to forecast
if the emergence of flux tubes will cause the formation of a fully evolved active region or
it will give rise to the formation of an active region which will disappear after a short time
(hours, days). It is still unclear what causes the different complexity of active regions and why
some active regions are more flare-productive than others.

Very recent observations of emerging active regions have given new insights on the knowl-
edge of physical phenomena occurring during this phase (see, e.g. Spadaro et al. (2004), Zuc-
carello et al. (2005)). In this framework, it is worthwhile to report the results obtained by these
authors. These researches were carried out with the aim to distinguish, since the initial phases
of magnetic flux emergence, whether the new forming region would have been characterized
by a short or a long lifetime.

The common features observed in both long-lived and short-lived active regions are: 1)
the first signatures of these ARs emergence are initially observed in the outer atmospheric
layers (transition region and corona) and later on (i.e. with a time delay of 6 - 7 h) in chro-
mosphere; 2) the ARs appearance in the outer atmospheric layers seems to be synchronous
with the sudden increase of magnetic flux in photosphere; 3) the loops of the AFS observed in
chromosphere are characterized by a decreasing upward motion during the AR’s lifetime; 4)
the downward plasma motion in the AFS loop legs is asymmetrical. The differences observed
between the long-lived and short-lived active regions are: 1) the short-lived AR appearance
in photosphere is almost synchronous with that in chromosphere, while there is a time delay
of ∼ 8 hours between the long-lived AR appearance in chromosphere and photosphere; 2)
during the AR formation the magnetic flux increases by about one order of magnitude in the
long-lived AR and by only a factor 2 in the short-lived AR; 3) the displacement of the center
of symmetry of each polarity in the short-lived AR is mainly directed westward, while it is
diverging from the neutral line in the recurrent AR; 4) in the short-lived AR the higher plasma
downflow is measured in the preceding leg, while in the long-lived AR it is observed in the
following leg.
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5.1 Ephemeral Regions and Quiet Sun

Active regions are not the only features associated to the photospheric magnetic field. Quiet
network contains small-scale, short-lived bipolar magnetic regions, referred to as ephemeral
regions. These are magnetic bipolar regions with magnetic fluxes of ∼ 1019 Mx and typical
size of 10 Mm, recognized and studied for many years (Harvey (1993)). These features are
called “active ephemeral regions” due to their lifetime, i.e. the time they can be recognized as
bipolar structures: first estimation of lifetime was of the order of the day (Harvey and Mar-
tin, 1973), from which the term “ephemeral”, short-lived. Now, uninterrupted high resolution
observations allow us to follow the emergence and evolution of such ephemeral regions in
sufficient detail to determine the fate of the emerging flux. The Michelson Doppler Imager
(MDI) on SOHO has revealed ephemeral regions with typical fluxes of 3 × 1018 Mx and
average fields of 50 Gauss (Schrijver et al., 1997).

These bipolar regions emerge near the center of supergranules, their footpoints move fast
apart and separate of ∼ 7000 km in about half an hour. Recent estimations show that the
average lifetime of ephemeral regions spans from 8 to 16 hours (Hagenaar et al., 2003). For
what concerns the evolution and the decay of ephemeral regions, it has been noticed that after
the first half an hour, the speed of separation of the footpoints drops down to ∼ 0.4 km/s.
Harvey and Zwaan (1993) showed that ephemeral regions decay in a complex way, and they
are strongly biased by the surrounding magnetic network. Their decay appears as the result
of expanding newly emerged ephemeral regions, of their absorption by existing network, of
intrusion of magnetic elements of the network, and of the vanish of little flux concentrations
of opposite polarity (magnetic cancelation).

Ephemeral regions are believed to have a common origin with active regions in the global
dynamo (Harvey and Zwaan, 1993), but it is also thought that they are generated locally
everywhere by turbulent convection near the surface (Nordlund et al., 1992). A third way
involves both the global dynamo and flux processing in the convective envelope: magnetic
flux merged in active region can be recycled and emerge newly in ephemeral regions, due to
meridional motions (Nordlund et al., 1992). Their origin remains rather speculative: it is also
possible that globally operating cyclic dynamo and small-scale dynamo are two distinct, but
coupled, sources of solar bipolar regions.

Magnetic regions with flux ≈ 1019 − 1020 Mx vary their frequency of emergence dur-
ing the solar sunspot cycle with a flux-independent factor (∼ 2), while for regions with flux
< 1019 Mx frequency varies very weakly, in opposite phase with respect to sunspot cycle.
Regions with magnetic flux lower than 1019 Mx also show a wide scatter in latitude, however
avoiding latitudes of active regions, and do not appear to have a preferential orientation of
bipole axis (Hagenaar et al. 2003). The value of total magnetic flux is very important to de-
termine the original cluster of each ephemeral region, its statistical behavior (e.g. agreement
with Joy’s and Hale’s laws, and comparison with butterfly diagram) and to investigate about
the effective origin of these features.

Theoretical models approach the treatment of the ephemeral regions from two points of
view. The first approach, concerning the analysis of the emergence of magnetic flux tubes,
consider ephemeral regions as an efficient tool to test MHD-simulation codes, since it is obvi-
ously more simple building a simulation of a single magnetic flux tube which rises and forms a
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small bipole than the emergence of a complex nested active region, and it is easier to compare
the results of models with observations.

On the other hand, for what concerns the total balance of magnetic flux on solar surface
and its dynamics, properties of ephemeral regions can help to better understand the mechanism
of solar dynamo. This means to include local, small-scale processes on the Sun, in order to
match a detailed knowledge of the phenomena involved with solar dynamo and to shed some
more light on the stellar magnetism.

5.2 Active Regions: Sunspots

The most striking evidence of the solar activity is undoubtedly represented by sunspots. A
very wide review about this phenomenon is given by Solanki (2003). These dark magnetic
features visible in the solar photosphere possess a bipolar structure, usually with two main
concentrations of magnetic flux of opposite polarity, aligned nearly in east-west direction on
solar surface, in agreement with Joy’s law. The problem of what causes the cooling of the
sunspot umbra is a longstanding debate in the solar community.

As referred by van Driel (2002), big and complex active regions are often formed by the
coalescence of several ephemeral regions which emerge separately into the photosphere, but
that are spatially and temporally close within a few days (Schrijver and Zwaan, 2000). Harvey
and Zwaan (1993) found an interval of 4− 5 days between subsequent emergences of bipolar
flux, while Harvey and Zwaan (1993) found an emergence rate 22 times higher within active
regions than elsewhere, confirming previous results. This trend of the regions of emerging
flux to appear almost in the same locations involves the physics of tachocline, but it is also
related to the origin of ephemeral regions.

5.3 Coronal loops

Coronal loops are the building blocks of the confined corona. They appear in the quiet or active
areas as bright, arch-shaped structures, connecting regions with locally intensified magnetic
fields of opposite polarities. They are hot (106 K) and have a thin transition to the chromo-
sphere (104 K) near their footpoints (see Fig. 13). Each loop is dynamically and thermally
insulated from the other loops and can be described as an independent region.

At present, we still do not know what are the detailed profiles of the plasma temperature,
density and flow along these magnetic structures, particularly close to the loop footpoints
and what is their behaviour as a function of time. It would also be important to clarify if
coronal loops can be described as single monolithic structures, or as collections of hundreds or
thousands of unresolved strands, each with its own independent dynamics, and to understand
where and how the heating deposition occurs in the loop plasma.

Several authors state that at the basis of the heating of coronal loops there can be the
so-called AC mechanism, whose associated time-scale is shorter than the typical dynamic
timescale: it is due to dissipation of Alfvén waves generated either by global loop oscillations,
or by impulsive phenomena. The problem is how to move the wave energy to sufficiently small
scales to be efficiently dissipated, like in resonant absorption or phase mixing. It has been
noticed that the presence of chaotic field lines increases the efficiency of this mechanism.
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Fig. 12. Sequence of images, acquired by THEMIS telescope along the profile of Hα line, showing the
emergence of an AFS. Red contours indicate downflows, blue contours upflows.

Fig. 13. Loops in the corona (image acquired by TRACE at 171 Å).
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There is another proposed mechanism to explain the heating: it is the so-called DC mech-
anism or microflare heating. In this view, the heating is due to the motions of the photospheric
footpoints of magnetic field lines which are continuously shuffled around by convective mo-
tions. These motions may lead to the formation of tangential discontinuities or current sheets
in the corona where energy can be dissipated through magnetic reconnection. This process
would work in two phases: a primary energy release at coronal level and a secondary one at
chromospheric level, called chromospheric evaporation.

The main open questions concerning this topic are: where is actually acting the process
of heating: is it localized in small parts of the loops or spread on a large part of them; is it
deposited at the footpoints or higher in the coronal part of the loop ? Further, we still ignore
if the heating is transient or continuous, impulsive or gradual.

6 Solar Weather Phenomena

6.1 Solar Flares

A solar flare is a sudden release of energy, from 1023 erg in nanoflares to 1032 erg in large
two-ribbon flares, with a time-scale of rise of a few minutes; it is localized, with a length-scale
` ∼ 106 ÷ 108 m, during which magnetic energy is converted into radiation across the entire
electromagnetic spectrum, heating, particle acceleration and mass motions.

Solar flares are the most powerful explosions in the solar system. Radiation and particle
emitted during flares may strongly interact with Earth ionosphere and magnetosphere.

Despite the remarkable step forwards made in the last decades, there are still many obscure
points. They represent an optimal tool to understand the several physical processes involved
in magnetic reconnection.

We usually distinguish two typologies of solar flare. Compact or simple-loop flares are
characterized by ` ∼ 106 − 107 m, electron density ne ∼ 1017 − 1018 m−3, and total energy
Etot ∼ 1029 − 1031 erg. They generally occur in single loops whose shape and volume do not
change significantly during the flare and do not present particle emission.

Two-ribbon flares occur in arcades and show two areas of emission on both sides of the
magnetic inversion line. The strands separate at ∼ 5 − 20 km/s while the filament lying
between them rises higher and higher in the corona.

A lot of questions interest people involved in flare studies. It is important to determine
what is the magnetic configuration in the pre-flare phase, by recognizing observational signa-
tures such as for instance non-potential configurations in sheared magnetic fields and sheared
structures in the corona, as the sigmoids, or canceling magnetic features occurring during the
filament activation phase. We still do not know the exact way in which energy is released and
how the complex magnetic configuration becomes unstable and the flare is triggered.

The main imputed is magnetic reconnection, which may be caused by several phenomena,
like emerging flux tubes, which causes loop interactions and filament eruption. It seems that
the energy is released in corona, but the site of the energy release, i.e. the current sheet,
is expected to have dimensions (∼ 102 − 103 m) much lower than the spatial resolution,
therefore the identification is indirect, e.g. by means of the observations of cusps, in-falling
dark blobs, inflows. Finally, it is unclear what happens after the energy is released. We do
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not know what fraction goes into heating, particle acceleration, and mass motions, and which
effects are directly related to the energy release itself and with the subsequent transport effects.

6.2 Coronal Mass Ejections

Coronal mass ejections (CME) are ejections of ∼ 1015 − 1016 g of mass from the Sun. They
are often associated with flares and eruptive prominences and the mass is ejected with a speed
between 100− 2700 km/s. The occurrence rate varies with the 11-year cycle: from 1 a day at
minimum to 6 a day at maximum of solar activity cycle.

A CME is a three-part structure, with a circular front surrounding a dark region, called
cavity, with inside a core of a bright, erupting prominence. An example is shown in Fig. 14.

Fig. 14. An image of a CME as seen by SOHO/LASCO.

A CME can be due to the disruption of balance between the upward pressure of the
strongly sheared large-scale magnetic field and the downward force due either to the mag-
netic tension or to the weight of an overlying mass distribution. There are a few of possible
mechanisms which can explain the formation of CME. Magnetic breakout could occur when
the tension is removed by reconnection of overlying and neighboring magnetic field lines. On
the other hand, flux rope models suggest that magnetic reconnection could occur below the
filament. It can also act the mechanism of mass loading, which is due to magnetic buoyancy
which leads to the collapse of the overlying mass.

Recent works have contributed to understand some mechanisms acting during these phe-
nomena (see, e.g. Aschwanden et al. (2007); Bothmer (2006a); Bothmer (2006b); Bothmer
and Daglis (2006); Bothmer and Hady (2006); Bothmer and Tripathy (2006); Bothmer and
Tripathy (2007); Cremades et al. (2005); Cremades et al. (2006); Forsyth et al. (2006); Howard
et al. (2007); Huttunen et al. (2005); Mc Comas et al. (2007); Panasenco et al. (2005); Tripathy
et al. (2005); Veselovsky et al. (2005); Wimmer-Schweingruber et al. (2006))
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Still, at present, we do not know how CME are initiated and how they evolve. We should
investigate if there are different mechanisms which accelerate fast, with uniform or decelerat-
ing speed, and gradual, with accelerating speed, CME. Further, we have to know if the coronal
dimming is due to density depletion or to temperature variations, and how coronal EIT waves
are related to chromospheric Moreton waves.

6.3 Solar Wind

The fast solar wind, with a speed of ∼ 800 km/s, has higher temperatures and lower densities
than the slow solar wind (∼ 400 km/s); it presents a 27-days periodicity, which indicates the
origin in a localized solar source, such as a coronal hole. The interaction of the low latitude
fast streams with the Earth magnetosphere causes a recurrent magnetic disturbance.

At solar minimum the fast wind at 800 km/s fills most of the heliosphere whereas the slow
wind at 400 km/s is confined toward the low latitude regions. With increasing solar activity
the slow wind becomes predominant and the heliosphere is more symmetric, with a highly
variable solar wind speed. Observations have also shown that the helium abundance varies
through the cycle, showing a correlation with wind speed.

At the basis of the corona the solar wind is emanating from regions along boundaries of
the magnetic networks. The highest acceleration of the solar wind emanating from the polar
coronal holes at solar minimum occurs between 1.6 and 2 solar radii.

Fig. 15. On the left, an image of the neutral current sheet often called the “ballerina skirt”. The Parker
spiral is indicated by the arrows. Image is courtesy of J. Jokipii, University of Arizona. On the right, a
representation of Parker spiral and its interactions with the interplanetary environment. Image is courtesy
of J. G. Luhmann, Space Sciences Laboratory, University of California.

UVCS/SOHO has shown that the heavy ions move faster than protons and are more effec-
tively accelerated across the magnetic field, as seen for the O VI. Elements with first potential
ionization (FIP) lower than 10 eV appear to be more abundant, and it is possible that the
magnetic field plays a still undiscovered role.

Observations show very small deviation from a Maxwellian distribution, indicating the
presence of some dissipative mechanism favoring the isotropization: turbulence plays a central
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role in re-distributing the energy from large to kinetic scales. In order to understand the heating
and expansion of corona and the correlations with solar wind, the relevant processes must be
traced throughout the solar atmosphere (analysis in the range from the visible to the X-ray
domain).

The open question about this topic concerns the origin of the solar wind. We ignore what
are the mechanisms that heat and accelerate the fast wind and where, within the coronal holes,
the solar wind originates. Also, we have to understand where the slow wind is accelerated and
what is the mechanism which accelerates it.

7 Mid- and Long-Term Solar Activity

The short-term solar activity, the so called solar weather, is modulated on mid- and long-
terms. The mid-term modulation, or a periodicity of about 11 year, is the most well-known.
However, long-term modulation of periodicities of about 90 years (Gleissberg cycle), 200
years (DeVries cycle) and about 2300 years (Hallstatt cycle) are also found.

7.1 Indicators of Mid- and Long-Term Solar Activity

The most often used indicator of mid-term solar activity is the sunspot number. The sunspot
number Rz is defined as, Rz = k(10g + s), where g is the number of sunspot groups, s the
number of individual sunspots, and k a correction factor depending on the observer. The
sunspot group number Rg is defined as, Rg = ( 12.08

n

∑
kG) (Hoyt and Schatten , 1998),

where n is the number of observers, G the number of sunspot groups and k a correction fac-
tor. The group sunspot number is a manifestation of an east-west magnet produced by the
stretching of an initial poloidal north-south field under the effect of a non uniform rotation.

During each cycle, the mean latitude of emergence of sunspots decreases as the cycle
evolves. This behaviour is well represented by the butterfly diagram, which shows that at the
beginning of a cycle sunspots appear at high latitudes, between 25◦ and 45◦, while at the end
of a cycle they appear at low latitudes, between 0◦ and 20◦.

The sunspot number is also used as an indicator of long-term solar magnetic activity. At
most, the sunspot number covers only 23 sunspot cycles. These cycles largely differ both in
amplitude and length. During the so called Maunder Minimum (MM) 1645-1715, almost no
sunspots were observed. Though the 14C production showed about 11-year variations during
the MM (Fig. 16) (Lundstedt et al. , 2006).

A non-linear chaotic dynamic system shows many similarities with the variation of the
solar activity, indicated by the sunspot number. Tobias et al. (1997) managed to reproduce
many of the features, with a low order differential system based on Lorenz equations.

7.2 Solar Dynamo

Cyclic evolution of solar magnetic fields is believed to be due to a dynamo process operating
in the Sun. A dynamo is a process by which the magnetic field in an electrically conducting
fluid is maintained against Ohmic dissipation. In the solar plasma there can also be various
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Fig. 16. The upper panel shows the group sunspot number RG 1610-1995 and the sunspot number Rz

1995-2005. The middle panel shows the 14C production rate 1500-1950. The lower panel shows the 14C
production rate 9950 BC to 1950AD. MM stands for Maunder Minimum, DM for Dalton Minimum and
GM for Grand Maximum.

kinds of dynamo actions such as small-scale, turbulent dynamos as well as global growing,
decaying or oscillatory dynamos. An extensive recent review is given by Ossendrijver (2003).

The solar dynamo continues to pose a challenge to observers and theoreticians. Recent
high resolution observations of the solar surface reveal a magnetic field with a complex,
hierarchical structure with widely different length-scales. In order to explain the magnetic
phenomena, dynamo theory provides all the necessary ingredients including the alpha effect,
magnetic field amplification by differential rotation, turbulent diffusion, magnetic pumping,
flux storage, magnetic buoyancy, stochastic variations and nonlinear dynamics. By means of
advances in helioseismology, observations of stellar magnetic fields and computational facil-
ities, significant progresses have been made in our understanding of various aspects such as
the role of the tachocline, convective plumes and magnetic helicity conservation.

First solar dynamo models were developed about the past half a century (Parker, 1955),
and they evolved to accommodate observational constraints. The large-scale solar dynamo
involves three basic processes: (i) the generation of toroidal fields by shearing the pre-existing
poloidal fields by differential rotation (the Ω-effect); (ii) re-generation of poloidal fields by
lifting and twisting the toroidal flux tubes (the α-effect); (iii) flux transport by meridional
circulation. The third mechanism was introduced in order to explain the weak, diffuse fields
outside the sunspots belts: this peculiar feature was not reproduced by any large-scale dynamo
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model of pure α-Ω type. Incorporating a meridional circulation in each hemisphere, they
have been constructed so-called flux-transport dynamos which success in reproducing many
of features, as the full cycle period of ∼ 22 years, the field strength (∼ 100kG) of toroidal
field at the bottom of the convection zone, about a 10G polar field, the magnetic coupling
between the North and South hemispheres, in agreement with Hale’s polarity rule (Dikpati,
2004).

Other dynamo processes which seem to act in the Sun are described by local dynamo
models. Local dynamo involves turbulence in the convection zone. In order to obtain a realistic
description of the dynamo process, we have to include all physical aspects of solar convection
that are judged to be necessary, such as compressibility, stratification, differential rotation, and
the presence of an overshoot layer (Ossendrijver, 2003). This approach can explain the origin
of small flux concentrations which are not affected by the 11-year activity cycle modulation
(Hagenaar et al., 2003).

A number of question still remains unanswered: we do not understand why there are dif-
ferences in the activity level in each solar cycle, what causes the different periodicities and the
long minima periods, such as the Maunder Minimum, and why the IMF is slowly increasing
in time. Also, they remain uncertainties about the nature of the deep-seated toroidal magnetic
field and the alpha effect, and the forbidding range of length scales of the magnetic field and
the flow have thus far prevented the formulation of a coherent model for the solar dynamo.

8 Conclusions

We provided some highlights about key topics in solar activity (SA) and solar weather mod-
elling and predicting techniques with special attention to the most advanced approach, capable
of partially coping with its complexity nature that is due to:

• Stochastic and chaotic character of nonlinearly-coupled plasma processes.
• Plasma processes occurrence at different temporal and spatial scales.
• Time-space-energy coupling among concurrent physical processes.

Hence a global model of SA is perhaps impossible to set up, as even localized phenom-
ena occur as outcome of the evolution of the global complex plasma system. To date, the
prediction success at all time and spatial scales is far from being satisfactory, but the forth-
coming ground- and space-based high resolution observations can add fundamental tiles to
the modelling framework as well as the application of advanced mathematical approaches.

One has to rely on the time series analysis of diachronic measurements of descriptors to
improve the models for getting reliable forecasts, and to use advanced analysis and prediction
techniques...
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Summary. This work aims to describe some aspects relevant to the emergence of magnetic structures
on the solar surface. Using high resolution photospheric and chromospheric data, the dynamics of rising
flux tubes is studied. It is shown that, for both long-lived and short-lived magnetic regions, the flux
tubes are initially characterized by a high rising velocity, which eventually decreases while the region
develops. Other results concern the timeline of the active regions appearance in the atmospheric layers
and the asymmetries in plasma downflows between preceding and following legs. These results are
briefly discussed in the light of most recent models.

1 Introduction

It is now established that the emergence of bundles of magnetic flux tubes in the solar at-
mosphere is at the basis of active regions (AR) formation. During this phase many physical
processes are at work: magnetic coalescence, arch filament system (AFS) formation, plasma
downflows along the rising flux tubes, photospheric diverging motions of opposite polarities
(see van Driel-Gesztelyi 2002 for a review).

However, there are still several open questions: it is impossible at the moment to forecast if
the emergence of flux tubes will cause the formation of a fully evolved AR or it will give rise to
the formation of an AR disappearing after a short time (hours, or few days). It is still unclear
what causes the different complexity of ARs and why some ARs are more flare-productive
than others. These questions are very important, since the appearance of new ARs strongly
influences the variability of the total solar irradiance, which is related to climate changes on
the Earth (Tuillier et al. 2006).

Moreover, ARs are not the only features associated to the photospheric magnetic field. The
quiet Sun network cell centres contain small-scale, short-lived bipolar magnetic structures
(with magnetic fluxes of ∼ 1018 Mx and typical size of 10 Mm), called active ephemeral
regions (ERs) (Harvey & Martin 1973).

In this paper we report very recent results, on the emergence and evolution of ARs and
ERs, obtained using high resolution data. We discuss these results in the framework of most
recent models of magnetic flux tube emergence.
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2 Observations

2.1 Recurrent active region

Spadaro et al. (2004) analyzed the first evolutionary phases of the recurrent AR NOAA
10050, using high resolution Hα (6562.808 Å), Fe I (5380.960 Å)and broad band images ac-
quired by the THEMIS telescope during an observational campaign carried out in July 2002,
coordinated with other instruments (INAF - Catania Astrophysical Observatory, TRACE,
EIT/SOHO, MDI/SOHO). Their analysis indicates that the first evidence of the emerging
AR is observed in the EIT bands (forming in the transition region and lower corona); later on
the AR appears in Hα (chromosphere) and white light (photosphere) images, with a delay of
∼ 6 hours.

The magnetic flux shows a sudden increase, nearly simultaneous with the AR appearance
in the transition region and lower corona. In the following 6 days a steep increase, from ∼
2.5×1022 Mx to approximately∼ 1.5×1023 Mx, is observed; subsequently the magnetic flux
increase slows down, while an increasing magnetic flux difference between the two magnetic
polarities is observed.

During the early phases of the NOAA 10050 development an AFS appeared: it was lo-
cated between the two emerging polarities, and composed by tens of arches of length 14000
km, grouped in bundles, generally parallel to each other and perpendicular to the magnetic
inversion line. This structure represents the observational evidence of an Ω-loop breaking
through the photosphere, the fragmentation into nearly parallel strands indicating the diffi-
culty encountered by the flux tube to cross the photosphere (van Driel-Gesztelyi 2002).

The Doppler analysis indicates that the arches of the AFS show an upward motion at their
tops and downward motions at their extremities. The values of both downflow and upflow
velocities decrease during the AR evolution (see Table 1). The AFS top upward motion is
indicative of the buoyancy of the magnetic flux tubes and of their rise toward higher atmo-
spheric levels, while the downward motion observed in the arch legs could be due to one (or a
combination) of the following reasons: a) action of the Coriolis force on the rising flux tube;
b) sliding motion associated with the Parker instability; c) remnant of a longitudinal flow in
the original equilibrium (Moreno-Insertis 1997).

Another aspect which was evidenced by Spadaro et al. (2004) concerns the asymmetries
between the preceding (p) and following (f) parts of the AR: for instance, the f-side shows a
higher downflow than the p-side. This result, while confirming the validity of the model of a
thin flux tube rising in the photosphere (Caligari et al. 1995), appears to be in contrast with the
observations carried out by Cauzzi et al. (1996), probably because of differences in the initial
magnetic field strength, or of different inclination of the two legs with respect to the vertical.
It is anyway interesting that in both works the asymmetry decreases as the region evolves.

Short lived active region

In order to determine what are the characteristics shared by all emerging ARs, and whether
some elements can be used to discriminate between ARs having a full evolution and others
decaying after a short time, Zuccarello et al. (2005) studied a short-lived AR (NOAA 10407).
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This AR, characterized by a lifetime of 7 days, was observed during a Campaign performed
at THEMIS telescope (July 2003).

This analysis confirms that, within the limits set by the time cadence and the spatial res-
olution of the instruments used, the first evidence of the emerging AR is observed in the EIT
bands. After 7 hours the AR appears almost contemporaneously in Hα and white light. The
appearance of the AR in the EIT bands corresponds to a marked increase in the magnetic flux,
that continues afterward: however, the magnetic flux increase in this AR is only a factor two,
while in the recurrent region it was about two orders of magnitude.

Zuccarello et al. (2005) note that only one polarity appears to move away from the mag-
netic inversion line, while the other is directed toward it. The peculiar westward motion of the
following polarity is in disagreement with models describing emerging flux tubes (van Driel-
Gesztelyi & Petrovay 1990, Caligari et al. 1995, Moreno-Insertis 1997) and indicates that the
flux emergence in this region occurs differently from the recurrent AR, where both polarities
regularly move away from the magnetic inversion line.

The arches of the AFS observed in NOAA 10407 show an upward motion at their tops and
generally downward motions at their extremities. The values of both upflow and downflow
velocities measured on consecutive days confirm a decrease during the AR evolution (see
Table 1). It was also noticed an asymmetry in the downflows, being the velocity at the p-
leg systematically higher than that at the f-leg. This asymmetry, which might be partially
determined by geometrical effects, decreases in the following days of observations. It differs
from those generally reported in the literature, but it is consistent with the results of Cauzzi et
al. (1996).

All these observational signatures fit quite well in a scenario where the short-lived AR is
not anchored in the toroidal, subphotospheric magnetic field and is therefore more subject to
turbulence than a long-lived, strongly anchored AR.

Ephemeral region

Ephemeral regions are bipolar structures characterized by typical fluxes of 3 × 1018 Mx and
average fields of 50 Gauss (Schrijver et al. 1997). They emerge near the centre of supergran-
ules, and their footpoints move fast apart and separate of 7000 km in about half an hour.
Recent estimations show that the average lifetime of ERs spans from 8 to 16 hours (Hagenaar
et al. 2003). Their decay appears, in turn, as the result of expanding newly emerged ERs, of
their absorption by the existing network, of intrusion of magnetic elements from the network,
and of the vanishing of little flux concentrations of opposite polarity (magnetic cancellation).

ERs are believed to originate from the global dynamo, as well as ARs (Harvey 1993), but
it is also thought that they are locally generated by the turbulent convection near the surface
(Nordlund et al. 1992). A further way involves both the global dynamo and flux processing
in the convective envelope: magnetic flux merged in ARs can be recycled and emerge again
in ERs, due to meridional motions (Nordlund et al. 1992). However, their origin still remains
almost speculative: it is also possible that globally operating cyclic dynamo and small-scale
dynamo are two distinct, but coupled, sources of these solar magnetic bipolar regions.

As referred by van Driel-Gesztelyi (2002), big and complex ARs are often formed by
the coalescence of several ERs which emerge separately into the photosphere, but that are
spatially and temporally close within a few days.
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A recent analysis of an ER (Guglielmino et al. 2006), carried out using spectropolarimetric
data acquired by the Advanced Stokes Polarimeter (Elmore et al. 1992), and adopting two
different inversion techniques, aimed to verify the reliability of theoretical models and to
improve our knowledge about the first phases of the emergence process.

This analysis points out that the ER has a classical bipolar structure; the maps of field
strength and zenith angle, i.e. the angle of the magnetic field vector with the vertical, have
shown that the central parts of the bipole, i.e. the emergence zone, have a horizontal zenith
angle, weak field strength (lower than 600 Gauss), and filling factor higher than elsewhere in
the region. The emergence zone is also characterized by upflows, and represents the emerging
top of the loop. Conversely, the footpoints have a vertical zenith angle, high field strength and
exhibit downflows (see Table 1). It is not possible to recognize the presence of a magnetic
twist in the ER, due to the low signal-to-noise ratio in Stokes parameters Q and U.

The morphology of the ER is consistent with theoretical model predictions (Caligari et
al. 1995) about the structure of the emerging flux tubes. However, a distortion in the tube is
noticed: the f polarity appears to be more spatially concentrated than the p one, that exhibits
a less vertical zenith angle and lower field strength, as shown by the model. Moreover, a
cross-correlation analysis points out that the p polarity moves faster westward than the f one
eastward.

Table 1. Mean velocities observed in emerging magnetic flux regions, expressed in km s-1. The interval
between initial and final values refers to consecutive days for long-lived and short-lived ARs, while for
ER it refers to a gap of three hours

V elocity at the top V elocity in p-leg V elocity in f-leg
Initial Final Initial Final Initial Final

Long-lived AR +9 +3 -6 +1 -16 -3
Short-lived AR +2 +1 -6 -3 -3 -1

ER +0.9 +0.3 -1 -0.8 -1.3 -1.2

3 Discussion

We have described the results obtained in very recent researches carried out with the aim
of distinguishing, since the initial phases of the magnetic flux emergence, whether the new
forming region would have been characterized by a short or a long evolution (see, e.g. Spadaro
et al. 2004, Zuccarello et al. 2005, Guglielmino et al. 2006).

One of the results obtained in these works is that the flux tubes forming the Ω-loops are
initially characterized by a higher rising velocity, which eventually decreases: this may indi-
cate the presence of some physical process which slows down the magnetic flux emergence
as more and more flux tubes rise toward higher atmospheric layers. Moreover, important dif-
ferences that might help to recognize whether a new forming AR will have a short or a long
evolution are: different values of the AFS arch top upward velocity, different downward mo-
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tions between the p and the f legs, different directions of the horizontal velocities in the p and
f legs.

We would like to stress the result concerning the appearance of the ARs firstly in the
outer atmospheric layers and later on in the photosphere and chromosphere. We suggest that
this phenomenon might be related to magnetic reconnection events occurring between the
emerging flux field lines and the coronal ambient magnetic field, as foreseen by most recent
models of magnetic flux emergence (Archontis et al. 2004).
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Summary. In this paper we report some results obtained from multi-wavelength observations carried
out to study the mechanisms at work in flares and filament eruptions. Most of these studies have given
indication of the presence of phenomena that might be considered signatures of magnetic reconnection,
while others have stressed the important role played by magnetic helicity transport in corona before the
eruptive phase. Theses researches were carried out in the framework of the COST Action 724, aimed at
investigating Available models and data sets relevant to the modelling and prediction of solar activity.

1 Introduction

The comprehension of the physical processes at the basis of activity phenomena occurring in
the solar atmosphere might have a relevance not only in the context of an improvement of
our knowledge of the physics of the Sun’s atmosphere and magnetism, but also concerning
Sun-Earth relationships.

In this scenario, it is worthwhile to stress that more energetic flares (classes M and X) and
filament eruptions, if associated with Coronal Mass Ejections (CME) directed towards the
Earth, can have remarkable consequences on Space Weather and can give rise to a number of
phenomena that can interfere with several human activities (systems of radio communications,
GPS positioning systems, electrical distribution networks, etc). As a consequence, in a society
more and more based on electronic systems, it becomes extremely important to be able to
forecast such events.

The possibility to forecast such events relies on on a deep comprehension of the sequence
of phenomena which are responsible of their occurrence, but at present there are still several
unclear points related to many aspects, both observational and theoretical. In particular, many
authors concentrated their efforts to investigate two important aspects: the effects of magnetic
reconnection during eruptive phenomena, by means of comparisons between observations and
model previsions (see, e.g. Priest & Forbes, 2000), and the role played by magnetic helicity
transport in corona during the pre-eruption phase (Moon et al., 2002; Demoulin & Berger,
2003).

In this paper we review the results we obtained on these subjects during the COST Action
724, devoted to the study of activity phenomena on the Sun.



50 Zuccarello et al.

2 Flares

Solar flares are extremely complex phenomena, characterized by a sudden and localized en-
ergy release (1029−1032 erg), that produces emission of electromagnetic radiation, heat flow,
bulk plasma motions, particle acceleration. The observations have put into evidence that the
primary energy release takes place in corona and subsequently it involves the underlying lay-
ers of the solar atmosphere (Priest & Forbes, 2002). Therefore the study of flares from the
observational point of view must be carried out comparing data acquired in various spectral
ranges, in order to have information on the physical processes occurring in the various atmo-
spheric layers.

The results obtained from these studies seem to confirm the hypothesis that one of the
physical processes at the basis of flares is magnetic reconnection, caused by breaking and
successive merging of magnetic field lines. However, further observations are still necessary
to clear the role of some phenomena linked to magnetic reconnection: mechanisms of energy
transport during the first phases of reconnection, chromospheric plasma evaporation in post-
flare loops, role of shock waves in heating the plasma, etc (Priest & Forbes, 2000).

These subjects have lead the authors to utilize two different approaches in order to con-
tribute to sketch a clearer scenario of eruptive phenomena: a statistical study of the charac-
teristics that active regions must have in order to give rise to flares of classes X or M, and
more specific studies on the possible physical mechanisms at the base of eruptive phenomena,
carried out using high resolution multi-wavelength observations, performed both from Earth
and from satellites.

The first aspect has been faced by means of a statistical analysis, based on data in the
visible range (some acquired at INAF-Catania Astrophysical Observatory (IOACT), others
provided by NOAA), on MDI magnetograms and on data in the X range provided by the
GOES satellite. This analysis allowed us to determine what are the conditions which charac-
terize ARs hosting M and X flares, for instance: i) Zurich class D, E, F; ii) penumbra in the
largest sunspot characterized by a large asymmetry and a diameter greater than 2,5 degrees;
iii)β, βγ, and βγδ magnetic configuration. Moreover, the analysis of the flare productivity as
a function of the group evolutionary stage indicated that the flaring probability of sunspots
slightly increases with the spot age during the first passage on the solar disk, and that flaring
groups are characterized by longer lifetimes than non-flaring ones (Ternullo et al., 2006).

The second approach has been tackled by carrying out the analysis of images acquired at
several wavelengths (visible range: IOACT, THEMIS, BBSO; EUV: TRACE, EIT/SOHO; X:
YOHKOH, RHESSI) and magnetograms acquired from ground-based observatories (BBSO,
Mitaka) and from space (MDI/SOHO).

In particular, a study carried out on a sequence of flares occurred in NOAA 8421 has
given the following results: i) the flares were triggered by processes of magnetic reconnec-
tion caused by the interaction between the magnetic field lines of a coronal arcade and new
magnetic flux tubes emerging from the subphotospheric layers (see Heyvaerts et al. 1977, for
a theoretical model of this type of events); ii) presence of reconnection in the loops of an
arcade at gradually increasing heights as a filament rises towards the more external layers; iii)
process of chromospheric evaporation at the basis of an increase of brightness in the moss
surrounding the footpoints of an arcade (Zuccarello et al. 2003).
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Another work based on the analysis of RHESSI and TRACE data relevant to an M2.5 flare
that occurred on 16 April 2005 has shown that the event was characterized by a morphology
in which the X-ray sources changed from an X to a Y magnetic configuration; moreover, the
formation of a thin, filamentary structure, compatible with what is expected from the collapse
of an X-point in a current sheet, was observed; also, the height of the top of the observed
EUV loops and the separation between the footpoints showed an increase with time (see
Contarino et al. 2006). These observational signatures are those expected from theory during
the formation of a current sheet and consequent reconnection, and allowed us to interpret the
event in the framework of the Kopp and Pneuman model (Kopp & Pneuman 1976). This fits
quite well with the reconnection scenario described by Miklenic et al. (2007) for a two-ribbon
flare.

In another paper (Romano et al. 2007), we studied the magnetic configuration of active
region NOAA 10672, where two different mechanisms seem to contribute to its instability,
to the subsequent M1.5 flare and to a Halo CME. In particular, the analysis of full disk MDI
magnetograms and of WL and 171 Å TRACE images showed that both flux emergence and
horizontal displacements of photospheric flux concentrations had a key role in triggering the
event. Moreover, the flare evolution observed by TRACE and the two-step profile in X-ray
emission observed by GOES, were interpreted in the framework of a multi-reconnection pro-
cess.

2.1 Filament eruption

As far as the prominence activation and the occurrence of associated CME are concerned,
many authors have put into evidence the role carried out by the helicoidal configuration of the
magnetic field.

In this context, an event occurred in AR 9077 was studied by approximating the promi-
nence to a curved cylindrical flux tube and by measuring the helicoidal twist of the magnetic
field lines. The critical twist value at which the eruption took place was estimated and a de-
crease of the total torsion of the field in time was evidenced. The conclusion drawn from this
study was that the prominence was initially destabilized by a kink-mode instability and, not
succeeding in finding a new equilibrium configuration, it erupted (Romano et al. 2003a).

In another study, using magnetograms of AR 8375 acquired by MDI/SOHO, we estimated
the rate of magnetic helicity transport in corona, related to the emergence of new flux tubes
and to their horizontal motions at photospheric level. Such analysis allowed us to confirm the
fundamental role played by helicity in prominence destabilization, and to recognize the emer-
gence of the already twisted magnetic field as the more efficient mechanism for the attainment
of an unstable configuration (Romano et al. 2003b). However, the previous conclusion should
not be generalized because, in a successive study concerning another active region (AR 9502),
the analysis of the relevant MDI magnetograms showed that the transport of magnetic helicity
exceeding the limit for the kink instability was primarily due to photospheric motions, while
the contribution from the emerging flux was negligible (Romano et al. 2005).

In the context of filament eruption, we also mention another event where two distinguished
reconnection phenomena have been observed: the former in the low solar atmosphere, near
a structure called CMF (cancelling magnetic feature), that caused the destabilization of a
filament and the successive eruption of part of it, and the latter in corona, caused by the
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passage of the filament through the overlying arcade (Contarino et al. 2003; Contarino et al.
2006). Such events were interpreted in the framework of the model of reconnection in the low
solar atmosphere, proposed by Litvinenko & Somov (1994) and Litvinenko (1999).

The occurrence of a CMF was observed also in a small (∼ 20 arcsec) filament that, after
two consecutive surge events, disappeared. More precisely, high resolution observations per-
formed at the THEMIS telescope, together with MDI data, showed the presence of a CMF
in the same area where dark H surges occurred; the temporal behaviour of the velocity fields
in the surges and the presence of bright H patches in the CMF area, suggested a scenario
where the coronal arcade initially sustaining the filament might have undergone consecutive
reconnection processes. As a consequence, the plasma filament was no longer confined in the
arcade and this caused its destabilization and disappearance (Zuccarello et al. 2007).

3 Discussion

We have described the results obtained in the framework of studies on flares and filament erup-
tions. In particular, we have stressed that many of these events showed phenomena expected
from the theory of magnetic reconnection. In most of the cases studied it was evidenced the
presence of magnetic flux emergence in already developed active regions: this process may
lead to the interaction between old and new magnetic flux tubes and, when the two different
magnetic domains have the suitable relative orientation, magnetic reconnection should take
place.

Moreover, a number of these studies allowed us to investigate the role played by the trans-
port of magnetic helicity in corona before eruptive phenomena: it has been shown that in one
case the magnetic helicity increase was mainly caused by new flux emergence, while in an-
other case, the increase was due to photospheric motions. Therefore we presume that both
phenomena might alternatively contribute to this increase and consequently to the filament
eruption.

However, several points remain open, in both scenaria, i.e., in reconnection and magnetic
helicity mechanisms: we believe that the instruments onboard HINODE will greatly contribute
to solve many of these questions, especially as far as the magnetic field configuration is con-
cerned. At the same time, an improvement in the models and in the techniques of magnetic
field extrapolation are needed.
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Miklenic, C.H., A. M. Veronig, B. Vršnak and A. Hanslmeier: Reconnection and energy re-
lease rates in a two-ribbon flare, Astron. Astrophys., 461, 697-706 (2007)

Moon, Y.J., Chae, J., Choe, G.S. et al.: Flare Activity and Magnetic Helicity Injection by
Photospheric Horizontal Motions, Astrophys. Jour., 574, 1066-1073 (2002)

Priest, E. R., and T. G. Forbes: Magnetic Reconnection: MHD Theory and Applications, Cam-
bridge University Press (2000)

Priest, E. R., and T. G. Forbes: The magnetic nature of solar flares, Astron. Astrophys. Rev.,
10, 313-377 (2002)

Romano, P., F. Zuccarello, and L. Contarino: Eruption of a helically twisted prominence, Solar
Phys., 214, 313-323 (2003)

Romano, P., F. Zuccarello, and L. Contarino: Magnetic helicity transport in corona and fila-
ment eruptions, Solar Phys., 218, 137-150 (2003)

Romano, P., F. Zuccarello, and L. Contarino: Observational evidence of the primary role
played by photospheric motions in magnetic helicity transport before a filament eruption,
Astron. Astrophys., 433, 683-690 (2005)

Romano, P., F. Zuccarello, and L. Contarino: An M1.5 flare triggered by a multi reconnection
process, Solar Phys., 240, 49-61 (2007)

Ternullo, M., L. Contarino, P. Romano, and F. Zuccarello: A statistical analysis of sunspot
groups hosting M and X flares, Astron. Nachr., 327, 674-679 (2006)

Zuccarello, F., L. Contarino, P. Romano, and E. R. Priest: Flare activity in AR 8421 observed
by TRACE, Astron. Astrophys., 402, 1085-1102 (2003)

Zuccarello, F., V. Battiato, L. Contarino, P. Romano, and D. Spadaro; Plasma motions in a
short-lived filament related to a magnetic flux cancellation, Astron. Astrophys., 468, 299-
305 (2007)
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Summary. We ascribe the solar magnetic activity to the interplay between the plasma flow and the
magnetic field. We then discuss the understanding based on mathematical concepts and what should be
observed for predictions. We present predictions using neural networks, both on short-, and on long-term
such as of next sunspot cycle. Further we describe the outcome of the cycle 24 prediction panel. Finally
recommendations are given for making improved predictions.

1 Introduction

Space weather is mainly driven by solar magnetic activity, which is therefore very important
to be able to predict in a reliable way (Lundstedt (2005) ; Lundstedt (2006a)). However, we
believe that predictions can be successful only if they are based on observations of physical
quantities which are related to physical mechanisms. These predictions can become opera-
tional for space weather services of International Space Environment Service (ISES), when
real-time observations will be made available from the Solar Dynamics Observatory (SDO)
which will produce such real-time data.

2 Interpretation and description of solar magnetic activity

We start by interpreting solar magnetic activity in terms of the interplay between the solar
plasma flow vector (V) and the solar magnetic field vector (B). We describe the solar magnetic
activity using both mathematical and physical concepts. The two descriptions will then be
integrated into a hybrid neural network. The concepts and relations are illustrated in a concept
map (C-Map) (Messerotti, 2002) (Fig. 1).

2.1 Based on solar mathematical concepts

The plasma flow (V) and magnetic flux density (B) are described with vector fields which
are purely mathematical entities. The relation between these entities are expressed in MHD
equations. Energy storage and release, and dynamo mechanisms are described by with these
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Fig. 1. C-Map of solar magnetic activity and its predictions.

equations. The relevant understanding is subsequently reached when we recognize the patterns
the mathematical equations describe (Devlin, 2002).

2.2 Based on solar physical concepts

Real-world coupling is obtained through observations of physical concepts. In Fig 1. we il-
lustrate observations using instruments onboard the Solar Dynamics Observatory, the Solar
Optical Telescope (SOT) onboard Hinode and the Zurich Imaging Polarimeter (ZIMPOL)
planned for Solar Orbiter.

The Helioseismic Magnetic Imager (HMI) onboard SDO will be used to obtain subsur-
face maps, data on far-side activity, line-of-site (LOS) synoptic maps and vector magnetogram
(VF) maps. The Atmospheric Imaging Assembly (AIA) and the Extreme Ultraviolet Variabil-
ity Experiment (EVE), both onboard SDO, will make the connection to coronal activity.

SOT onboard Hinode produces high resolution vector magnetograms (Fig. 2).
With ZIMPOL a second solar spectrum has been discovered (Stenflo, 2004). The different

polarized structures in the second solar spectrum, are affected through the Hanle effect and by
a hidden magnetic field. This hidden (to the Zeeman effect) weak and tangled turbulent field
carries more magnetic-energy density than earlier thought (Stenflo, 2004).
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3 Neural network prediction based on V and B

Three examples of predictions based on observations of the plasma flow and the magnetic
field are presented in the following sections.

3.1 Solar flares and subsurface flows

A significant correlation between strong plasma downflows and high magnetic activity, in-
dicated by strong solar flares, was found in Jensen et al. (2004) (Fig. 2). A neural network
was trained to predict an event of at least one major solar flare based on maps of subsurface
flows. The predictions were promising, despite the lack of a large input dataset Jensen et al.
(2004). Such large dataset and near-real time maps will become available from both Global
Oscillation Network Group (GONG) and will come shortly from SDO.

Fig. 2. The synoptic map shows the divergence of the observed flows at a depth of 4.6Mm. Bright regions
represent inflow and dark outflow. The contour lines show the magnitude of magnetic field strength. The
size of the dots indicate flare from small C, medium M and large X. The synoptic map shows Carrington
rotation 2009, i.e. during the Halloween event 2003.

3.2 Solar flares and vector magnetic fields

It has been known for a long time that solar flare activity is related to the non-potentiality and
complexity of the solar magnetic activity.

Cui et al. (2006) describe the non-potentaility and complexity by introducing three quan-
tities: Maximum horizontal gradient, length of neutral line and the number of singular points.
They found an interesting relation between the solar flare productivity and the above men-
tioned quantities. The relationship can be fitted with a sigmoid function and herewith modeled
with a neural network. The three quantities can be derived from vector magnetograms, such
as shown in Fig 3. Operational forecasts will be possible with real-time vectormagnetograms,
which will be available from SDO.
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Fig. 3. Vector magnetogram observed on 13 December 2006. Courtesy Hinode.

3.3 Magnetic activity years ahead

Solar synoptic maps provide an important visualization of global patterns. Maps are available
of sub-surface flows, photospheric and coronal magnetic fields. In Lundstedt et al. (2007) we
averaged longitudinally synoptic maps from Wilcox Solar Observatory (WSO) at Stanford.
The data cover three cycles from 1976 up to present. The averaged map is shown in Fig. 4.
Many interesting features are visible: The variation of the Butterfly diagrams, the transport of
flux to the poles, and the asymmetry for the both hemispheres.
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Fig. 4. Longitudinally averaged synoptic magnetic fields.

Neural networks have been trained, based on data from the longitudinally averaged synop-
tic map, to predict the total magnetic flux Carrington rotations ahead. A correlation coefficient
of 0.82 was reached between the predicted and observed values two years ahead Lundstedt et
al. (2007). Similar studies are planned using SDO data.
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4 Prediction of sunspot cycles

Ever since the sunspot cycle was discovered by H. Schwabe in 1843, using only 17 years of
data, scientists have described solar activity cycles by the sunspot number.

4.1 The Cycle 24 Prediction Panel

NOAA/NASA/ISES sponsored a panel, consisting of 11 participants, to try to reach a consen-
sus on the next sunspot cycle, Cycle 24. Over 40 different predictions were examined, based
on climatology methods, spectral analysis, neural networks, precursor methods and dynamo
models. Predictions range from very weak to very strong: Svalgaard et al. (2005) predicted
Cycle 24 to be the weakest in 100 years based on the polar field strength. Dikpati et al. (2004)
predict a strong Cycle 24 based on applying a dynamo model. It is interesting that Choudhuri
et al. (2007), also using a dynamo model, however conclude that Cycle 24 will be weak.

On Aril 25, 2007 the panel announced their first predictions: Solar Minimum will occur
on March, 2008 (±6 months), which marks the end of Cycle 23 and start of Cycle 24. The
length of Cycle 23 will then be 11.75 years, i.e. longer than the average of 11 years.

The Cycle 24 will peak at a sunspot number of 140(±20) in October, 2011 or it will peak
at a sunspot number of 90(±10) in August, 2012. An average solar cycle peaks at 114 and
therefore the next cycle will neither be extreme, nor average.

But, the panel is split down the middle on whether it will be bigger or smaller than average.
The panel will re-evaluate conditions on the sun every 3 months and update this prediction
annually, or as things change.

4.2 Sunspot number as an indicator of solar magnetic activity

The sunspot number is used as an indicator of long-term solar magnetic activity. At most, the
sunspot number covers only 23 sunspot cycles. These cycles largely differ both in amplitude
and length. During the so called Maunder Minimum (MM) 1645-1715, almost no sunspots
were observed. Though the 14C production showed about 11 year variations during the MM
(Fig. 6) (Lundstedt, 2006b).

4.3 Extreme solar radio bursts during sunspot minimum

Also showing the sunspot number might not give us the general picture of the solar magnetic
activity is the following event close to sunspot minimum.

Activity increased to high levels on 05 and 06 December 2006 as Region 930 produced
three major flares: an X9/2N at 05/1035 UTC associated with Types II (estimated velocity 860
km/sec) and IV radio sweeps and a 12000 sfu Tenflare, an M6/SF at 06/0823 UTC associated
with a Type IV radio sweep and 340 sfu Tenflare, and an X6/3B at 06/1847 UTC (Fig. 7).

This very unexpected activity even made Strong and Saba (2007) raise the question: Are
we looking at the Solar Cycle in completely the wrong way?
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Fig. 5. The upper panel shows the group sunspot number RG 1610-1995 and the sunspot number Rz

1995-2005. The middle panel shows the 14C production rate 1500-1950. The lower panel shows the 14C
production rate 9950 BC to 1950. MM stands for Maunder Minimum, DM for Dalton Minimum and
GM for Grand Maximum.

Fig. 6. The Xray flare associated with the extreme radioburst on December 5, 2006. Courtesy GOES-13.
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5 Discussions and conclusions

To improve understanding and predictions of solar magnetic activity we need observations
of the plasma flow (V) and magnetic field (B) below and on the surface and in the corona.
Real-time synoptic maps can adequately visualize the activity.

To predict explosive events, such as solar flares, we need real-time vector magnetic field
observations at all scales.

The difficulties in predicting the so called Schwabe’s sunspot cycle, using both data and
theory-driven models Bushby and Tobias (2007), might point out new aspects that lead to
rethink about solar cycles.

Observations of V and B by Hinode, SDO, Solar Orbiter and other upcoming missions
will play a very important role in improving our knowledge.

Acknowledgements: This work has been carried out in the framework of COST Action
724 WG1.
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cedex 2, France matthieu.kretzschmar@cnrs-orleans.fr
ddwit@cnrs-orleans.fr

2 SIDC, Royal Observatory of Belgium, ringlaan -3- av. circulaire, 1180 Brussels, Belgium
hochedez@oma.be
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Summary. The monitoring of solar extreme and far ultraviolet irradiance variations are essential for the
characterization of the Earth’s upper atmosphere. For a long time, they have been -quite successfully-
based on empirical models, which are themselves based on proxies. However, the accurate modeling
and prediction of the near Earth environment necessitate to improve the precision on the irradiance and
its variations. Here, we present recent efforts -made in the context of the COST724 action- to quantify
the irradiance variability. We find a high level of redundancy that allows to envisage to measure only a
small portion of the spectrum without losing essential knowledge. Finally, we discuss what should and
could be measured in order to retrieve the solar extreme and far ultraviolet spectrum.

1 Introduction

The solar irradiance (or solar flux) in the extreme (EUV, from 10 nm to 121 nm) and far ultra-
violet (FUV, from 122 nm to 200 nm) spectral ranges is of great importance for space weather.
First, it is responsible for the ionization, dissociation, and heating of the upper terrestrial atmo-
sphere. The specification of ionospheric quantities such as the Total Electron Content (TEC)
heavily relies on it. Second, this part of the spectrum is highly variable on both long and short
time scales. During intense solar flares, the flux may increase by more than an order of mag-
nitude, especially shortward of 20 nm. These variations have important consequences on the
ionosphere, but also on the lower atmospheric layers. For a recent review on the importance
of the EUV flux for space weather, see Lilensten et al. (2007a).
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The solar EUV spectrum has been poorly observed in the past. In particular, there has
been no continuous monitoring of the solar EUV irradiance between the end of measure-
ments by Atmosphere Explorer E measurements in 1981 and the launch of the NASA Ther-
mospher Ionosphere Mesosphere Energetics Dynamics (TIMED) spacecraft in January 2002
(see Woods et al. (2005) for details on EUV measurements history). To compensate for this
lack of data, which has been termed the ”EUV hole”, several models have been developed.
Most of these models, such as SERF1 (Hinteregger et al., 1981), EUVAC (Richards et al.,
1994), and SOLAR2000 (Tobiska et al., 2000) are based on the use of proxies such as F10.7,
the solar radio flux at 10.7 cm. Recently, new proxies have been introduced: E10.7, that repre-
sents the whole solar EUV flux scaled to F10.7, and E140, that is the flux integrated from 1 to
40nm (Tobiska et al., 2001). The NRLEUV model (Warren et al., 2001) uses emission mea-
sure distributions and full-disk spatially-resolved solar images. These models perform well,
but space weather operations require an even more precise knowledge of the solar flux (Lath-
uillère et al., 2002). What is urgently needed is not just spectral and temporal coverage but
also radiometric accuracy. For reviews on the comparison between models and observations,
see Lean (1990), Tobiska (1993) and Woods et al. (2005).

The SEE (Solar Extreme-ultraviolet Experience) instrument onboard TIMED measures
since early 2002 the solar spectrum from 26 nm to 193 nm, with a 0.4 nm resolution (Woods
et al., 2005). TIMED/SEE makes up to 15 measurements per day of the solar spectrum, aver-
aged over 3 min each. This instrument offers a unique opportunity to improve our knowledge
of the spectral variability and to investigate which parameters are important for retrieving the
solar flux when no direct measurements exist. In this paper, we present efforts that have been
made in this direction in the framework of the COST 724 action. In Sec. 2, we present results
on the quantification of the spectral variability redundancy and how it agrees with solar in-
dices. Section 3 concentrates on the implications of these results for defining what should be
measured and we explicitly propose sets of spectral lines that should be observed. Finally, we
discuss our results and conclude in Sec. 4.

2 Analysis of the solar EUV spectrum

The solar irradiance EUV spectrum under quiet conditions is well understood (Lilensten et
al., 2007a). The irradiance consists of continuum emission that is mainly caused by composed
of free-bound transitions (electronic recombinations), and of spectral lines corresponding to
atomic transitions of the ions that are present in the solar atmosphere.

Figure 1 shows three different solar spectra obtained under quiet conditions. The first one
(black) is the spectrum integrated over the whole solar surface as measured by TIMED/SEE on
March 16, 2007, when no sunspots were present. The second one (red) has been measured at
very high spectral resolution on a quiet portion of the solar disk by the SUMER spectrometer
(Curdt et al., 2001), and the third one (blue) has been modelled using atomic data and the
average quiet Sun intensity of about 20 spectral lines (Kretzschmar et al., 2004). The last two
intensity spectra have been converted into irradiance by multiplying by πR2

�/d
2
�,T , whereR�

is the solar radius and d�,T is the Sun-Earth distance, and degraded to the spectral resolution
of TIMED/SEE. As can be seen on the figure, the main features of the spectrum (i.e. the
continuum and the spectral lines) agree between the different spectrums. In particular, the fact
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Fig. 1. Solar irradiance spectra for quiet conditions. The black curve corresponds to TIMED/SEE mea-
surements for a quiet Sun, the red curve is from Curdt et al. (2001) and the blue one is from (Kretzschmar
et al., 2004).

that the modeled spectrum can reproduce the observed ones indicate that our understanding
of the underlying mechanism is not so bad. However, there are some disagreement for the
absolute value of the flux, mainly fo the continuum above 90 nm and below 70 nm. This can
be explained in part by the different spectral resolution of the instrument and the integration
over the solar disk. A true inter-calibration study should be performed to go beyond these
explanations but this is not the purpose of this paper.

For an operational space weather service, it is crucial to know the true variation of the solar
EUV spectrum with solar activity. To answer this question, one would ideally require continu-
ous observations of the Sun over at least one solar cycle and monitoring of the irradiance with
a very good temporal and spectral coverage, as well as an excellent absolute calibration. This
is not feasible, although the EVE instrumental suite (Woods et al., 2006) onboard the Solar
Dynamics Observatory (to be launched in 2008) will significantly improve the monitoring of
the EUV spectrum. TIMED/SEE, however, has now been monitoring the solar irradiance for
several years with up to 15 measurements per day. Enough data have been accumulated to an-
swer the question in a statistical sense. This is the approach developed by Dudok de Wit et al.
(2005), whose first objective was to quantify the remarkable degree of redundancy observed
between the time evolutions of various EUV spectral lines. To do so, the spectral irradiance
matrix I(λ, t), after proper normalisation, is decomposed into a set of separable functions of
time t and wavelength λ : I(λ, t) =

∑
i c(λ, i)f(i, t). This decomposition is unique and is

done by Singular Value Decomposition (Golub and van Loan, 1996). The f(i, t) components
describe the independent (actually orthonormal) temporal variations associated with the spec-
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trum, while c(λ, i) can be seen as the projection of I(λ, t) on the i’th temporal component.
The components c(1, λ), c(2, λ), . . . are conventionally sorted in decreasing order of variance.

The first result of Dudok de Wit et al. (2005) is that over 95% of the variance of I(λ, t)
can be described with two components only. This result indicates that the variation of the
irradiance is strongly redundant between different wavelengths. It also allows us to represent
the similarities and differences in the irradiance variation in a very compact way. Since the two
first components describe the salient features of the spectral variability, we can plot c(2, λ) vs
c(1, λ), see Fig. 2. In this two-dimensional map, each point corresponds to a wavelength. The
distance between each pair of wavelengths reflects their degree of similarity: the closer two
points are, the more similar the irradiance variations are.
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Fig. 2. 2D representation of spectral similarities in irradiance variations. Each point is colour coded by
its corresponding wavelength. The 38 strongest spectral lines are circled. The meaning of the axes is
discussed in (Dudok de Wit et al., 2007); what matters here is the relative distance between the points.
Plot based on TIMED/SEE level 2 data between Feb 25, 2002 and May 1, 2007.

As expected, long wavelengths are tightly grouped together and short wavelengths are
located far from long ones. The dispersion of very short wavelengths reflects the marked
differences between emissions originating from the hot corona. Some wavelengths stand out
of the cluster of points; this is notably the case for the hydrogen and helium lines, which
exhibit a relative singular behavior.

More recently, Dudok de Wit et al. (2007) have used the same representation to determine
how well different solar activity proxies can reproduce the spectral variability. For that pur-
pose, they could not distinguish a particular index (excluding instrumental constraints), apart
from the sunspot number, which is the least appropriate by our standards. Their results show
that no single index can successfully describe both the level of variability on different time
scales. The Mg II and the Ca K indices are appropriate for describing the long-term (> 27
days) evolution of the least-energetic part of the EUV spectrum but less so for modelling the
short-term evolution. Conversely, the Mg II, Ca K and He I indices are found to be rather good
proxies of the short-term evolution of coronal lines. Finally, no combination of indices was
found to be capable of reproducing the variability of the EUV spectrum. Why not, then, try to
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reconstruct the EUV irradiance from a linear combination of a few spectral lines (or spectral
bands) that are monitored with a dedicated instrument ?

3 Observational strategy

The results obtained so far support the idea that from a small number of properly chosen wave-
lengths, one could reconstruct the whole EUV/FUV spectrum with a precision that meets the
requirements of a space weather service. This idea has been investigated in two complemen-
tary approaches.

The first approach is physics-based. Kretzschmar et al. (2006) selected intense spectral
lines from the SEE spectra, with the constraint that 1) these lines must cover the range of
temperatures found in the solar atmosphere, and 2) they can be assumed to be optically thin.
They then computed the whole Sun differential emission measure (DEM) for each observing
day, which allowed in turn to compute the non-observed part of the spectrum (i.e. all opti-
cally thin spectral lines to the exception of the extracted ones) for that day. The optically thick
part of the spectrum was deduced empirically (i.e. through least square fitting) from one ob-
servation. Based on this, they determined six spectral lines from which the whole spectrum
could be computed for each observation. Relative temporal variations were well reproduced
in this study and a good general agreement has been found between the absolute value of
the computed and observed spectra, especially for spectral lines (basically within 15%). The
disagreement between observed and modeled spectrum in this study can be due to the failure
of one or several assumptions made to use the DEM formalism (e.g. constant abundance),
errors in atomic data, non-inclusion of weak spectral lines that contribute to the continuum,
and non-proportionality between the various optically thick parts of the spectrum.

Table 1. Set of 14 lines that are appropriate for reconstructing the salient features of the solar EUV/FUV
spectrum. From this, a subset of typically 6 non-redundant lines must be chosen.

He II 30.38 nm Mg X 60.98 nm O I 130.43 nm
Fe XVI 33.54 nm O III 70.38 nm C II 133.51 nm
Fe XV 41.73 nm O II 83.42 nm C IV 154.95 nm
Ne VII 46.52 nm C III 97.70 nm Si II 181.69 nm
O IV 55.43 nm H I 121.57 nm

The second approach is statistical, based on the decomposition presented in Sec. 2. Dudok
de Wit et al. (2005) built a dendrogram of the 38 most intense spectral lines measured by
TIMED/SEE, see Fig. 3. In such a plot, redundant lines with very similar dynamics are linked
by a short branch. Dendrograms therefore provide a simple strategy for selecting spectral lines
that describe the different facets of the spectral variability. From this, the authors extracted a
first set of 14 lines, from which a smaller subset of 6 lines was found to minimise the error on
the reconstructed spectrum. The 14 lines are listed in Table 1. Interestingly, the best candidates
for spectral reconstruction are almost the same as those selected by Kretzschmar et al. (2006).
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024681012

C I 156.1
C I 165.7
Si II 180.8
Si II 181.7
C IV 154.9
He II 164
O I 130.4
Ne VII 46.5
O IV 55.4
O V 63
O III 70.4
N IV 76.5
C II 133.5
Si IV 139.4
Si IV 140.3
O IV 78.8
O II 83.4
He II 30.4
H I 121.6
He I 53.7
Ne VIII 77
H I 93.8
H I 95
Ne VIII 78
N II 108.5
O VI 103.8
Mg IX 36.8
C III 97.7
H I 102.6
O VI 103.2
Fe XV 28.4
Fe XV 41.7
Si XII 49.9
Si XII 52.1
He I 58.4
Mg X 61
Fe XVI 33.5
Fe XVI 36.1
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Fig. 3. Dendrogram of the strongest 38 EUV lines. The horiontal distance between each pair of lines
reflects their degree of similarity. The colour code gives the characteristic emission temperature of each
line. See Dudok de Wit et al. (2005) for a detailed explanation.

4 Discussion and conclusion

Ionospheric specification models require increasingly accurate measurements of the solar
EUV/FUV spectrum, for which currently available proxies are of limited use. By using both a
physics-based and a statistical approach, we have shown that the variability of the EUV/FUV
spectrum exhibits a strong degree of redundancy, 2 dimensions being able to capture more than
95% of the variance . This leads us to advocate a different strategy, in which the EUV/FUV
spectrum and its variability are reconstructed from the measurement of a few (typically 6)
carefully chosen spectral lines or spectral bands. The choice of the best set of lines is appli-
cation dependent. Lilensten et al. (2007b) describe a methodology for determining the lines
that are most appropriate for ionospheric specification. A solar physicist may want to use a
different set, to optimize for example the information on the solar atmosphere contained in
the spectrum.

There is also a strong instrumental motivation for reconstructing the spectrum from a few
lines only. Spectrographs are costly and like all EUV/FUV instruments, suffer from ageing.
One could use instead arrays of photodiodes, for which more robust technologies are being
developed. The LYRA radiometer (Hochedez et al., 2006) onboard the PROBA2 satellite (due
for launch in 2008), will provide the first experimental ground to our approach as it will cover
4 bands: 1-20 nm, 17-70 nm, 115-125 nm and 200-220 nm. In Fig. 4, we give an example of
how the response of diodes with different types of metallic filters compares against the vari-
ous wavelengths between 26 and 193 nm, using the same representation as in Fig. 2. One can
readily check that the diodes with Au, Pd, Ag and Cu filters are redundant, as are the diodes
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Fig. 4. Location of diodes with various spectral bands (given by their multilayer metal filter name), using
the same representation as in Fig. 2.

with Al and Si filters.

Several aspects still need to be investigated for enhancing further the accuracy and the
precision of the solar spectrum reconstruction. Concerning the nature of the proxies them-
selves, we might advantageously extend them to time-series that are not made only of spectral
irradiance. For example, we may think to gross estimates of the disc proportion covered by
Active regions and by Quiet Sun, which should allow higher precisions for mid-term recon-
struction. This is one of the reason why the second generation of LYRA radiometers could
include EUV imaging channels at relatively low spatial resolution. Multi-layers would per-
mit a two-fold benefit on top of their being focusing mirrors. First, they can pave the EUV
spectrum with overlapping passbands, or alternatively sample the most linearly independent
wavelength ranges. Second, they can act as photocathodes, delivering a signal that could serve
to correct for long-term drifts in the performance.

The impact of flares on the spectral reconstruction (Kretzschmar et al., 2007) must be
taken into account; the method could then be implemented for several temporal scales in
order to account for the difference in the physics controlling short-term brightenings (flares)
and the longer terms (rotation, solar cycle). Another important point is the spectral variability
below 26 nm, for which we must wait for SDO/EVE to cover that range with a good spectral
resolution. The spectral variability above 193 nm is relatively easier to reconstruct. Work on
this is in progress, using data from spacecraft such as UARS/SUSIM.

The authors of this paper intend to continue their efforts in this direction.
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Summary. We present a brief review of available long-term (years to solar cycle) and short-term (minu-
tes to hours) forecast techniques for Solar Energetic Particle (SEP) events. We describe recent work on
the development of a new short-term warning technique for SEP event occurrence that is based on flare
location and integrated soft X-ray and low-frequency radio emission. For cycle 23, this method yielded a
Probability of Detection of about 63 % and a False Alarm Rate of about 45 %, establishing benchmarks
for automated SEP event alerts.

1 Introduction

Space exploration has focused attention on the hazards presented by both galactic cosmic ray
(CR) particles and solar energetic particles (SEPs) (see, for instance, Storini, 2006; Baker
et al., 2007). These hazards include damage to satellite components, single event upsets on
spaceborne computers, and radiation threat to astronauts. The principal processes involved
are: nuclear interactions, ionisation/excitation of atoms/molecules and the destruction of crys-
tal structures (e.g., in memory banks or solar panels) or of molecular chains (resulting in skin
penetration, free radical generation, and DNA damage). Galactic CRs represent long-lived ra-
diation hazards because they furnish a continuous flux, while SEPs are short-lived hazards.
The fluxes of these two suprathermal particle populations of the interplanetary medium differ
in their energy spectra and their opposite relation to the solar activity cycle.

In this article we will focus on SEPs, treating CR particles as the background on which
SEP events occur. Even though the discovery of SEPs dates back to 1942 (Forbush, 1946),
there are many uncertain aspects of SEP generation/acceleration and propagation that make
SEP forecasting on either long (solar cycle) or short (minutes to hours) time scales difficult.
SEP data collected by ground and space based instruments over the years, and the SEP event
lists constructed from these data, furnish the basis to develop SEP event forecast models. It
is necessary to keep in mind that the definition of a SEP event can differ among the various
available event lists. For example, the SEP event definition applied by NOAA/SEC (Boulder
- U.S.A.) on GOES data series, is as follows: Event Start → when the proton flux J[E > 10
MeV] ≥ 10 pfu (pfu = part. cm−2s−1sr−1) for three consecutive 5-min intervals and Event
End → when J falls below 10 pfu.
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Here we summarize work performed under WG-1 of COST 724 Action for the SEP/Space
Weather relationship. In Sect. 2 we review existing long-term models for SEP forecasts, while
in Sect. 3 we present a brief account of recent work on a short-term SEP event warning
technique. The conclusion is given in Sect. 4.

2 Long-term SEP Forecast Techniques

Models for long-term (mission lifetime or solar cycle) SEP predictions were started during
the 1970s (King, 1974). Currently, four models are mainly in use: KING/SOLPRO, JPL,
ESP (see, for instance, http://www.spenvis.oma.be/spenvis/help/models/sep.html for model
descriptions) and MSU (Nymmik, 2007a, and references therein).

2.1 To distinguish between models

KING/SOLPRO model

The KING model, derived by using SEP data recorded from 1966 to 1972, was mainly used
to predict mission integrated solar fluences (King, 1974). The code version of the model is
called SOLPRO (Stassinopoulos, 1975) and offers outputs for energies E > 10 MeV to > 100
MeV.

JPL fluence model

The first version of the JPL model (JPL-85) was based on data taken during cycles 19-21
(Feynman et al., 1990). The JPL model uses a log-normal distribution to fit the solar proton
events size distribution (a worst case should be imposed). Results can be obtained only for the
active phase of the solar cycle. The most recent version of the model (JPL-91), based on data
from 1963 to early 1991, runs after selecting a lower threshold value to start proton fluence
computation at various integrated energy channels (> 1 MeV to > 60 MeV; Feynman et al.,
1993). More details can be found in Feynman et al. (2002).

Emission of Solar Protons - ESP model

The ESP model predicts integral omnidirectional solar proton fluences at 1 AU, in the energy
range > 1 MeV to > 300 MeV (Xapsos et al., 1999a). The model employs the maximum
entropy method (Xapsos et al., 1999b, 2000). It is able to predict cumulative solar proton flu-
ences and worst-case solar proton events as functions of mission duration and user confidence
level.

MSU model

The model of the Moscow State University (MSU) was developed during the 1990s (Nymmik,
1999c) to compute the probability for the≥ 10 MeV/nucleon SEP fluences and peak fluxes in
near-Earth space for different solar activity levels. The most recent version of the model can
be found at http://elana.sinp.msu.ru/nymmik/models/sep.php (see also Kuznetsov et al., 2005;
Nymmik, 2007b).
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2.2 Looking to the next solar activity cycle

During the next solar activity cycle several space missions will be carried out, including LISA
(Laser Interferometer Space Antenna). Nymmik (1999a,b) reported a model to estimate the
SEP fluence distribution as a function of the solar activity. In their model, the SEP fluence
distribution follows a power-law function with an exponential steepening for large fluences
(see also Nymmik, 2001). This model applies to solar proton fluences in the range 106 - 1011

protons/cm2 for proton energies E > 30 MeV; it was inferred from the analysis of IMP data
(solar cycles: 20-22) and from the proton fluxes derived from the analysis of radionuclides in
lunar rocks.

Fig. 1. Minimum (left panel) and maximum (right panel) expected SEP events with E > 30 MeV for
2011-2021, derived from Nymmik (1999a,b) model. Fluence intervals: circle for 106 - 107 protons/cm2,
square for 107 - 108 protons/cm2, diamond for 108 - 109 protons/cm2, inverted triangle for 109 - 1010

protons/cm2, triangle for 1010 - 1011 protons/cm2.

Here the expected number of proton events in individual intervals of fluence during 2011
- 2021 was evaluated as follows. As a first step, the minimum and maximum yearly number
Np of expected proton events were derived by using the relation Np = 0.0694 W (Nymmik,
1999b), where W is the minimum and maximum yearly predicted Wolf number (as reported
by Wass et al., 2003), respectively. As a second step, two values of the constant C were
determined for each year by integrating the function

dNp = CΦ−1.41e−Φ/ΦcdΦ (1)

(where Φ is the fluence and Φc was assumed equal to 4x109; see Nymmik, 1999a, for
details) and by imposing Np to be the values computed in the first step. The integration was
carried out above 106 protons/cm2. Finally, after constant C determination, eq. (1) allowed
to compute the minimum and maximum number of expected events per fluence interval, as
reported in Fig. 1. Results suggest at most 15 (2) SEP events with fluences larger than 106
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protons/cm2 at solar maximum (minimum) of solar activity cycle n. 24. These estimates de-
crease of one order of magnitude for fluences above 109 protons/cm2.

3 Short-term SEP Forecasting Techniques

Ideally, short-term forecasting techniques should be in principle of the engineering type. In
other words, real-time forecast requires automated codes running on information systems
without forecaster input. Attempts to develop such techniques began several years ago. Ne-
vertheless, to our knowledge only two models/codes were accurately validated (PROTONS
and PPS). They are semi-empirical models based on SEP properties derived from a large
series of registered events, and some experimental/theoretical results. They do not predict a
solar event and its proton output in advance but run after a solar flare occurrence, using flare
parameters as input for the proton forecast.

3.1 The current validated methods

PROTONS code

The PROTONS code was first implemented in real time operation during the 1970s (Heckman,
1979; Balch & Kunches, 1986; Heckman et al., 1992). It is based on precursor information (X-
ray flare location, X-ray half-power fluence and Type II/IV radio burst occurrence). Current
PROTONS code (see Balch, 1999, for details) is running at NOAA/SEC (Boulder - U.S.A.).
The main outputs of the code are: SEP event occurrence probability, predicted SEP rise time
(time from X-ray flare maximum to SEP flux maximum), and the predicted peak flux at the
Earth. PROTONS was recently validated by Balch (private communication, 2007) by using
data from 1986-2004. He found that, when the optimal Heidke skill score is used with a
probability threshold of 20-30 %, the False Alarm Rate (FAR) is 57 % and the Probability of
SEP Detection (PoD) = 55%.

PROTON PREDICTION SYSTEM - PPS code

The PPS code, initially PPS76, was developed during the 1970s (Smart & Shea, 1979) and
updated as PPS-87 (Advanced Proton Prediction System; Smart & Shea, 1989) during the
1980s. Input parameters include: flare signatures, fixed time for particle injection into the in-
terplanetary magnetic field (0.25 h after flare onset) and a longitudinal SEP intensity gradient.
Outputs include: SEP occurrence (not probability), timing, intensity, spectrum and elemen-
tal composition for different energy channels (Emin > 5 MeV). The PPS code was recently
validated by Kahler et al. (2007), considering ≥ M5 X-ray flares during 1997-2001. Those
authors found roughly equal numbers of correct and false predictions.

3.2 Potential short-term forecasting methods

Recently, several additional short-term SEP forecasts have also been proposed, although none
of these have received independent validation.
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Garcia (2004a) discussed the use of the empirical connection existing between SEPs and
low-temperature soft X-ray flares, while Garcia (2004b) considered the SEP/hard X-ray flare
relationship. The second work, based on May 2000 - December 2002 data (107 hard X-ray
flares and 16 SEP-associated flares), noted that flares characterized by hard x-ray spectra
hardening for at least 3 min have a high association with SEPs. In fact, 14 SEPs were correctly
identified, 2 SEPs were missed, and 3 false alarms predicted.

Recently, Posner (2007) proposed an up to 1-hour forecast technique for proton events
by using relativistic electron intensities in space (since electron onset precedes proton onset).
The technique was tested on SOHO/COSTEP data for eleven months of 2003. A detailed de-
scription of the possible advanced forecast is furnished, including the forecasting contingency
matrix and the evaluation of false and missed warnings (see their Table 3). The model is not
complete because in the present version it is only able to forecast SEP onset. Nevertheless, if
completed, it looks as a promising forecasting technique.

At the University of Southampton (U.K.), neural network techniques were used to give
forecasts with lead times of the order of 48 hr (Gabriel & Patrick, 2003) by using the ratio
of the GOES X-ray (hard and soft channels) fluxes as inputs. After trying different input
combinations the best success rate was about 65 %. Nevertheless, their contingency table
shows a very high number of predicted SEP events that were not actually observed (see, for
more details, Gabriel, 2007).

Artificial neural networks are potentially useful tools to improve SEP forecasts; currently
they are also used in near-real time for some application models (e.g., SEP event dose-time
profiles, Hoff & Townsend, 2003). These application models evaluate the impact of charged-
particle fluxes on materials, instruments and biological bodies (see, for cosmic ray effects on
micro-electronics, Tylka et al., 1997).

3.3 A new forecasting method

A new forecasting method to provide short-term warnings for flare associated SEP events is
under construction by Laurenza et al. Those authors adopted an empirical approach by using
flare parameters as yes or no indicators of particle acceleration at the Sun. The parameters
include: (i) flare longitude, (ii) flare size as indicated by its integrated soft X-ray intensity, and
(iii) particle acceleration/escape, as indicated by the time integrated 1 MHz radio intensity. In
this technique, alerts are issued 10 minutes after the maximum of≥M2 soft X-ray flares. The
model set up was accomplished by creating two databases for a defined time interval:

- SEP events with their associated flares,
- ≥ M2 soft X-ray flares.

The databases were built-up from data retrieved at: http://spidr.ngdc.noaa.gov/spidr/index.jsp
and http://lep694.gsfc.nasa.gov/waves/waves.html.

A comprehensive SEP catalogue has been prepared for SEP events occurring between
January 1995 and December 2005, by selecting all proton enhancements meeting the current
NOAA SEP definition (see Sect. 1). SEP events originating from distinct solar sources were
separated (even if a pre-existing event was still in progress; note that this procedure is not used
by NOAA/SEC). We associated each identified SEP event with a solar source (see Laurenza
et al., 2007, for details), either (1) a visible disk flare, or (2) a partially observed, or inferred,
behind-the-limb eruption. Generally, we identified the largest soft X-ray flare near the SEP
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Fig. 2. Probability contours for SEP occurrence forecast for flare location W 21◦ - W 150◦ (left panel)
and W 20◦ - E 150◦ (right panel), as derived with the new SEP forecasting method, together with the
parameters for GLEs (triangles) occurring from January 1995 to December 2005 (GLE55 to GLE69,
except for GLE61 initiated beyond the solar limb).

event start time as the SEP source, taking into account the time coincidence with type II and
IV radioemission events and fast CMEs.

The second database consists of 704 X-ray flares of class ≥ M 2.0, for which the associa-
tion of the soft X-ray bursts with H-alpha flares was checked by using the NGDC lists (as in
Laurenza et al., 2007, for ≥ M5.0 flares). For bursts not associated to H-alpha records, we
determined the flare location from the active region histories. For each flare we computed the
key parameters for the analysis.

The time integrated flux of the X-ray flare was derived from the 1/3 power point before
the peak to the 1/3 power point after. If the X-ray intensity drops by a factor 3 within 10 min
of the peak, the integration stops, otherwise an exponential fit of the X-ray intensity curve is
used to extrapolate the intensity curve to the 1/3 power point.

The integrated flux of the radio emission at 1 MHz was computed from 10 min before the
time of the 1/3 power point on the rise of the soft X-ray burst until 10 min after the X-ray
peak. The choice of this interval resulted from a process of trial and error.

Note that both the soft X-ray and radio integrations are terminated within 10 minutes after
the flare maximum to allow a prompt warning.

The probability of the SEP event occurrence is estimated by performing the logistic regres-
sion technique (McCullagh&Nelder, 1989) over the constructed data series. Figure 2 shows
the probability levels computed for two heliographic longitude intervals (W21◦ - W150◦, left
panel; E150◦ - W20◦, right panel) as a function of the time integrated X-ray intensity and
radio emission.
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Every solar flare characterized by the above parameters can be located in such a diagram
to evaluate the probability of a subsequent SEP event. An example is provided in Figure 2,
where the flares associated with ground level enhancements (GLEs) from January 1995 to
December 2005 are indicated (solid triangles). It can be seen that they lie above the 60 % (25
%) probability for the W 21◦ - W 150◦ (E 150◦ - W 20◦) longitude range.

The method allows, after the selection of a probability threshold, a yes/no binary response
for the occurrence of a SEP event: if flare parametes (integrated X-ray flare intensity, inte-
grated radio intensity at 1 MHz) are located above the threshold a warning is issued, otherwise
no alert is given.

A preliminary evaluation of the model under test was performed by comparing the forecast
signals with SEP observations during 1995-2005 in terms of PoD and FAR . We obtained PoD
= 63 % and FAR = 45 % (by using a probablity threshold level of 0.25-0.35 %), that exceed
current standards for SEP event alerts (see Sect. 3.1).

A detailed description of the above SEP short-term forecast model, results and implica-
tions will be published (Laurenza et al., in preparation).

4 Conclusion

This paper offers a brief summary of acquired knowledge on SEP forecast during COST 724
Action. It is shown that the performance of the available codes is still low; further work is
needed to reach Space Weather requirements.
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Summary. The present study addresses the research of the lower ionosphere, in terms of D-region elec-
tron density enhancements during Solar X- ray flares caused by the Sun eruptive activity. The research
relies on ground- and space-based measurements: the VLF amplitude perturbance, recorded by the Bel-
grade facility (AbsPAL) has been related to the X-ray irradiance measured by the GOES -12 satellite,
for 120 flare induced events, registered through May-August 2004-2007. Upon the analysis of the two
database sets, a new model for determining electron density time profiles has been proposed. The results
arrived at are found in good agreement with measurements by different techniques and independent
estimates of the Wait ionosphere model.

1 Introduction

The lower ionosphere, i.e. the D-region, is the 60-90 km altitude range of the spherical ionized
shell surrounding the Earth. It is the ionospheric region closest to Earth, yet probably the
most complex in terms of its species content and their interactions. The standard sounding of
the ionosphere, using ionosonde networks or IRS campaigns (HF and VHF/UFH-band radio
waves, respectively) is not applicable, as D-region electron densities are well below the critical
one to cause signal reflection. Lower frequencies needed for continuous observations of the
D-region, are provided by middle frequency radars (Holdsworth et al., 2002), and very low
frequency (VLF) man-made transmitters (McRae & Thomson, 2000). These VLF signals, and
the naturally generated VLF waves, associated with lightning discharges, propagate along the
duct between the Earth surface and the lower reflective boundary of the D-region - the Earth-
ionosphere waveguide. This makes them suitable for studying the lower ionosphere under the
deeply penetrating X-ray radiation during solar flares (Thomson & Clilverd, 2001; Thomson
et al., 2005; Ohya et al., 2006). Although the main source of ionization, the H-Lyman-α
emission, is enhanced as well, the X-ray radiation, during the flare event, overwhelms all
other ionization sources, leading to the increase of D-region electron density by 1-2 orders of
magnitude.

VLF signals, continuously emitted from transmitters with well stabilized phase and ampli-
tude, reveal regular diurnal, and seasonal variations under undisturbed ionospheric conditions.
In particular, the change in propagation caused by sudden energy bursts from X-ray solar
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flares is most distinctly impressed on the VLF signal, by amplitude and phase abrupt increase
or decrease (see Figs. 1,2). These are understood as signatures of the prominent change of the
lower ionosphere electron density profile, under the intense 0.1-0.8 nm part of the solar X-ray
spectrum. Increased electron densities lower the effective reflection height and advance the
phase of the wave at the receiver, resulting in the registered irregularities in both amplitude
and phase. In this way, VLF radiowaves make an efficient tool in exploring the nature of the
lower ionosphere, during solar X-ray flare disturbances.

Over the last two decades, programmes for simulating VLF propagation, developed by
the Naval Ocean Systems Center (NOSC) have been extensively used (Thomson & Clilverd,
2001; Thomson et al., 2005). The Long Wave Propagation Capability (LWPC) and the Mod-
eFinder programmes (Ferguson, 1995) take the input path variables and calculate the full
wave solution parameters (reflection coefficients), to predict the VLF phase and amplitudes
along the complete path, from transmitter to receiver. They usually operate on the ’Wait two-
parameter ionosphere’ model for the D-region (e.g. Wait, 1970), with two parameters, the
ionospheric ’sharpness’ β, and the reflection height H ′ by which VLF propagation character-
istics can be restored along the whole Earth-D-region bottom waveguide. When solar flares
are concerned, by matching the measured and simulated perturbed amplitudes and phases, β
andH ′ are retrieved to give the electron density height profileN(z), at the flare flux maximum
(e.g. Wait & Spies, 1964; Thomson 1993).

In the present study, in the attempt to complement the above approach, we address the
time-dependent behaviour of the solar X-ray flux and model the transient electron density
N(t) response to the flare. The time delay ∆t - the time interval by which the amplitude (and
phase) extremum lags behind the flare flux maximum - evolved as a key parameter. The ∆t
parameter allows to estimate the effective recombination coefficient α and to predict N(t)
in time, locally at the chosen height, throughout the duration of the flare. VLF data from
three different propagation Great Circle Paths (GCP) i.e different transmitters, have been used
in the analysis, with the aim to compare the VLF effects of a single flare against different
waveguide properties. The results of the presently outlined model have been found to be in
good agreement with the ones obtained with LWPC simulations; as well as with independent
experimetal electron density estimates under flare conditions.

2 Measurements and data analysis

The VLF ground-based measurements, presented here, were performed with the AbsPAL (Ab-
solute Phase and Amplitude Logger) facility, installed at the Institute of Physics, Belgrade
(44.85 N; 20.38 E). The receiver has been in stable operation since 2004, providing con-
tinuous and well-calibrated data of VLF signals from several transmitters. From the wealth
of recorded data we focus on well stabilized signals from three paths: 1) GQD/22.1 kHz
emitted from Skelton (54.72 N; 02.88 W) and propagating, over the 1982 km long GCP, in
nearly N-S direction over the Northern hemisphere; 2) NAA/24.0 kHz emitted from Cutler
(44.65 N; 67.3 W) and propagating, over the 6548 km long GCP, in W-E direction over the
Northern hemisphere and 3) NWC/19.8 kHz emitted from Harold E. Holt (21.8S; 114.2 E)
and propagating, over the 11974 km long GCP in SE-NW direction, from Southern to North-
ern hemisphere. During the summer months from 2004 to 2007, the diurnal variations of VLF
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Fig. 1. left: The X-ray irradiance of two separate flares, B7 class at 0941 UT and M1 class at 1348 UT
(upper panel) and the NAA/24.0 kHz signal phase and amplitude (middle and lower panel respectively),
plotted for the daytime interval of 09June2007. (It is indicative to notice that the B class flare at 0941
UT has apparently no influence on the VLF signal characteristics.) right: Several separate flares between
the C7.5 at 0812 UT, and the M1 at 1306 UT, and two successive afternoon flares,(upper panel) and the
NAA signal phase and amplitude (middle and lower panel respectively), plotted for the daytime interval
of 12July2005.
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Fig. 2. left:The flare, reported at 1348 UT on 09June2007 (also presented in Fig1, upper panels,) and
the phase and amplitude of the GQD/22.1 kHz signal (middle and lower panel respectively). right: The
X-ray irradiance for the flare active 12July2005, (upper panel as in Fig. 1), and the phase and amplitude
response on the GQD path.

amplitude and phase of the three signals, with clear solar flare signatures were examined. The
analysis of 150 registered VLF perturbation events was paralleled with the inspection of the
corresponding solar fluxes retrieved from the GOES-12 X-ray data lists, in the wavelength
range 0.1-0.8 nm, via NOAA (www.sec.noaa.gov), both data sets taken with 1min resolu-
tion. As shown by the example in Figs.1,2 the features of enhanced X-ray irradiance are
most remarkably impressed upon the amplitude/phase characteristic, either for the isolated
flare of class M1 on 09June2007, or for the series of flares on the rather active 12July2005.
Though, apparently different, in dependence of the path (e.g. Fig.1-NAA, Fig.2-GQD), the
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disturbances show stable patterns: always phase enhancement on long NAA and NWC paths,
and always phase decrease on the short GQD path. Amplitude increase is regularly repro-
duced on both NAA and NWC, while amplitude perturbations on the GQD path display more
complexity (e.g. Fig. 2): both increase and decrease and also oscillations in dependence of the
flare intensity (Grubor et al., 2005).

Regardlessly of the type of amplitude disturbance, it has been found that almost invariably,
the extreme amplitude value (maximum, minimum, or the first maximum in the oscillation
pattern) is delayed in time with respect to the peak of the X-ray flare flux. The time interval by
which the extreme amplitude value appears distinctly separated from the irradiance maximum
is denoted as time delay ∆t. The term was introduced to describe the time-shifted response
of the ionosphere in terms of electron density enhancement, to the diurnal solar irradiance at
minimum solar zenith angle (Appleton, 1953). The time lag both at regular diurnal insolation
(20-40 min) and at flare occurrence (1-7 min), though distinctly different in duration, char-
acterizes the transient state of the D-region. To identify the time delay and to quantify it in
connection with the flare phenomenon was of crucial importance, as it provides the basis to
estimate the effective electron recombination coefficient α in flare regime.

3 Modelling the electron density during solar X-ray flares

The developed model rests on two basic assumptions:
1. The VLF amplitude responds to the flare-induced variations of electron density almost

instantaneously: the time delay of the amplitude extreme value with respect to the X-ray flux
maximum is as well the delay of the electron density maximum behind the flux maximum.

2. Excluding large flares (higher class M and X) that induce amplitude detain (Thomson et
al., 2005), the unambiguous determination of the amplitude extremum was possible in around
120 events (out of 150 registered), with the time delay measured to range from 1min to at
most 7 min. A rather short time delay as compared to the duration of the flare, lasting from
40-60 min, makes us assume that the value of the electron density at Imax, i.e. N(Imax) is
close to the maximum value Nmax induced by the flare.

Neglecting diffusion, on timescales of flare duration, and taking into account the global
electroneutrality of the sunlit lower ionosphere, leads to the electron continuity equation that
describes the flare-induced temporal evolution of the electron density N(t, h) at the specified
height h:

dN

dt
= q(t)− αN2, (z = h). (1)

The key input data are the electron production rate q and the effective electron recombination
coefficient α. During flares q is dominantly driven by the increased X-ray flux I , and is taken
to vary proportionally, q(t) = k I(t). According to e.g. Budden (1988), q = (CI/eH) cosχ,
so that one has k ≡ (C/eH) cosχ, where e is the base of the natural logarithm. For the
ionization efficiency C we extrapolate the values given by Whitten & Poppof (1965) to the
0.1-0.8 nm range, and for the scale height H(= RT/Mg) we take 7 km. The local solar
zenith angle χ is taken at the time t(Imax). To determine the effective recombination coeffi-
cient α, not well known at flare conditions, the measured time delay is used. The procedure,
described in detail by Žigman et al. (2007), relies on assumption (2), i.e. takes into account the
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connection between Nmax and N(Imax) values separated by ∆t, leading to the relationship
k · α = const. With k known, the particular value of α is inferred.

The electron density for preflare conditions, was determined by running the LWPC pro-
gramme. It was found that the β and H ′ parameters that reproduce overall well the quiet-
daytime amplitudes measured at Belgrade, for the three traces, correspond to β = 0.30 1/km
and H ′=74 km. These (β,H ′) values at the altitude h, taken as the reflection height of the
quiet ionosphere (H ′= 74 km), yield the adopted initial electron density value
N(0, h = H ′)= 2.18×108m−3.

4 Results and Summary

The effective recombination coefficient assigned to the state of the lower ionosphere, in flare
conditions versus maximum flare flux is shown in Fig.3 left panel. The obtained domain of
α is in accordance with the values inferred from different experimental techniques in the
altitude range from 65-100 km (Collis et al., 1996; Rodger et al., 1998; Ulich et al., 2000).
The decrease of the D-region effective recombination coefficient with increasing flare flux I
(i.e. ionization rate q), evidenced in a number of studies, (Mitra, 1974, ch.8,9 and references
therein), has been outstandingly confirmed. The electron density results for characteristic flare
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Fig. 3. left: Effective electron recombination coefficient α, and right: electron densities, during flare
occurrence, versus maximum flare flux Imax at 74km height. Present results, N(t)-method: α and max-
imum electron density Nmax, recovered at paths, NAA - circles, NWC - squares, GQD - triangles;
LWPC: electron density at maximum flare flux, N(Imax), at GQD - ×. According to and McRae &
Thomson (2004), (βf , H

′
f )- data: NAA - +

events from class C to X are summarized on the right panel of Fig.3, representing the Nmax

values at 74 km height, in function of the maximum flare flux Imax. The results for the NAA
path in particular, are found to be in very good agreement with the Wait model, incorporated
into the LWPC code, when the (βf ,H

′
f) input parameters of McRae & Thomson (2004) are

applied. The overall good agreement between the results obtained from VLF data on different
traces, gives credit to the N(t) model. Predictions of N(t)h, for a specified height according
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to the proposed model and of N(z)t, at the specified time according to the LWPC (Wait
model) anticipate the complementary way in which the two approaches may be merged into
the unified N(t, z) description of the flare-driven electron density in the D-region.
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Summary. Recent claims advocate a downward revision of the solar oxygen abundance Socas-Navarro
(2007). This is a reflection of what may be called a ‘solar crisis’ whereby we mean that previous con-
sensus in our understanding of our nearest star was unfounded. The implications for solar physics,
and chemistry, are obvious and much research in the near future will give us a much clearer under-
standing of the Sun. We wish to review and update recent work concerning the frontier between Space
Weather (SpW) and Astrobiology Messerotti (2004); Messerotti & Chela-Flores (2007a,b); Chela-Flores
& Messerotti (2007); Chela-Flores et al. (2007). We argue that the present robust programs of various
space agencies reinforce our hope for a better understanding of the bases of Astrobiology. Eventually
with a more realistic model of the Sun, more reliable discussions of all the factors influencing the origin
of life on Earth will be possible.

1 Introduction

During the early stages of the study of the origin of life ?Ponnamperuma & Chela-Flores
(1995) not enough attention was paid to the question of the correlation of chemical evolution
on Earth and the all-important evolution of the still-to-be understood early Sun Messerotti
(2004). Today, due to the advent of a significant fleet of space missions and the possibility of
performing experiments in the International Space Station (ISS), a meaningful study begins
to be possible concerning factors that led to an early onset of life on Earth.

Solar climate during the first billion years (Gyr) of the Earth was radically different. The
earliest relevant factor was excessive solar-flare energetic particle emission, a phenomenon
that has been recorded in meteorites Goswami (1991). These extraterrestrial samples provide
information on events that took place during this early period after the collapse of the solar
nebula disk. Gas-rich meteorites have yielded evidence for a more active Sun. A considerable
number of young stars with remnants of accretion disks show energetic winds that emerge
from the stars themselves. Similar ejections are still currently observed from our Sun. For
this reason we believe that some of the early Solar System material must keep the record of
such emissions. Information on the energetic emission of the Sun during this period can be
inferred from data on X ray and ultraviolet (UV) emission (larger than 10 electron-volt, eV)
from pre-main-sequence stars Lal & Ligenfelter (1991). We may conclude that during pre-
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main-sequence period, solar climate and weather presented an insurmountable barrier for the
origin of life anywhere in the Solar System. In the most remote times of the Archean eon (2.5
- 3.8 Gyr before the present, BP), and in the Hadean (earlier than 3.8 Gyr BP), conditions may
still have been somewhat favorable, especially with the broad set of UV defense mechanisms
that are conceivable. The high UV flux of the early Sun would, in principle, cause destruc-
tion of prebiotic organic compounds due to the presence of an anoxic atmosphere without the
present-day ozone layer Canuto et al. (1983). Some possible UV defense mechanisms have
been proposed in the past, such as atmospheric absorbers and prebiotic organic compounds.
We expect that the early microbes must have used various means of avoidance of radiation
damage, including inhabiting in deep subsurface environments Gold (1992). Some of these
are attenuation by the water column of their aquatic habitats by the presence of some UVR
absorbing substance. It is known that water itself does not protect life. Indeed, UVR is known
to penetrate the water column up to at least 50 meters. But if the water contains iron, or ni-
trogenous salts, UVR is efficiently screened. In addition, related relevance of SpW on the
origin of life is demonstrated with two sets of experiments have established that UV radia-
tion plays a significant role in the synthesis of some of the precursors of the biomolecules,
especially the amino acids Bernstein et al. (2002); Munoz et al. (2002).

Solar systems originate out of interstellar dust, namely dust constituted mainly out of the
fundamental elements of life Ehrenfreund & Charnley (2000), such as C, N, O, P, S and a
few others. We refer to this set as ‘the CNOPS elements’. Just before a star explodes into
its supernova stage, all the elements that have originated in its interior out of thermonuclear
reactions are expelled, thus contributing to the interstellar dust. Recent work has some im-
plications on the question of SpW. Our solar system may have been triggered over 5 Gyr BP
by the shock wave of a supernova explosion. Indeed, there is some evidence for the presence
of silicon carbide (carborundum, SiC) grains in the Murchison meteorite, where isotopic ra-
tios demonstrate that they are matter from a type II supernova Hoppe et al. (1997). Around
4.6 Gyr BP on the nascent planet, the organic compounds may have arisen At the end of ac-
cretion when they would have been incorporated or delivered by small bodies, both comets
and meteorites. Then, planetary processes, such as those that may have occurred close to hy-
drothermal vents, may have synthesized organic compounds. Comets are another source of
CNOPS elements, which develop gaseous envelopes when they are in the close vicinity of the
Sun. Gas leaves the comet, carrying some of the dust particles. On the other hand, the Earth’s
biosphere is that part of this planet where life can survive; it extends from a few kilometers
into the atmosphere to the deep-sea vents of the ocean, as well as into the crust of the Earth
itself. The Delsemme model is based on the assumption of the cometary origin of the bio-
sphere Delsemme (2000). According to this viewpoint, an intense bombardment of comets
has brought to the Earth most of the volatile gases present in our atmosphere and most of
the carbon extant in the carbonate sediments, as well as in the organic biomolecules. With
the measuring ability that was available throughout last century, molecules have been identi-
fied by their spectra in a wide range of wavelengths, and even by in situ mass spectrometry
during spacecraft flybys of comet P/Halley. These measurements provided composition of
parent volatiles and dust, properties of the nuclei and physical parameters of the coma. Be-
sides the Halley comet already mentioned, two other comets were particularly useful objects
for remote sensing measurements: comet Hale-Bopp, and comet Hyakutake Campins (2000).
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These comets led to the detection of HCN, methane, ethane, carbon monoxide, water, as well
as a variety of biogenic compounds.

In big bang cosmology, when the primordial high temperature had decreased sufficiently,
hydrogen atoms were formed and helium atoms arose from the combination of deuterium
with itself. However, fast cosmic expansion did not allow the formation of a thermonuclear
steady. This generated a fraction of deuterium. It is estimated that this cosmic ratio of D/H
had an upper bound of some 30 parts per million (ppm). Deuterium cannot be created de
novo. So the variable presence of D/H is a marker for understanding various aspects of the
evolution of solar systems. Since deuterium can react easily inside stars, it is not surprising
that its abundance in interstellar matter be smaller than the original cosmic abundance. Yet,
in Jupiter the value is higher than in interstellar matter, reflecting its abundance in the proto-
planetary nebula. The Jupiter abundance is of the order of 20 ppm, closer to the expected
cosmic abundance. In the Earth’s seawater this ratio is about 8 times the value of the solar
nebula. The D/H ratio is known in three comets: Halley, Hyakutake and Hale-Bopp (HHH).
This work on the D/H ratio suggests that cometary impacts have contributed significantly to
the water in the Earth’s oceans. However, because the D/H ratio observed so far in comets is
twice the value for Earth’s oceans, it may be argued that comets cannot be the only source of
ocean water. This is explained by the fact that HHH are comets that come from Oort’s cloud,
enriched in D, due to the low-temperature regime in that part of interstellar space. On the
other hand the comets that brought the water to the primitive Earth were comets from Jupiter’s
region that had lower D-values, as in the D/H content of our oceans Delsemme (2000).

2 Constraints of the Ancient Sun on the Early Evolution of Life

The early Earth was much more dynamic geologically and most of the records of large impacts
were deleted, but the same geological activity was most likely responsible for partial out
gassing of a secondary atmosphere, the exact nature of which can be inferred from the isotopic
composition of the noble gases: It has been shown that comets are capable by themselves
of providing noble gases in the correct proportions provided that the laboratory experiments
duplicate the conditions for cometary formation Owen & Bar (1995). Besides the temperatures
had descended to about 1000 C, or below, by about 4.4 Gyr before the present (BP). This
scenario for planetary origin allows the possibility of an early origin and evolution of life
on Earth. However, it should be remembered that the lunar record demonstrates that some
difficulties may arise in this scenario since the Imbrium basin on the Moon was formed by
a large impact as late as 3.8 Gyr BP. This implies the persistence of catastrophic impacts for
life on Earth, since our planet has a larger effective cross section than our satellite Sleep et al.
(1989).

Yet, in this harsh environment photosynthesis of prokaryotes did arise. It is evident from
fossils of the stromatolitic-forming cyanobacteria. But the best evidence comes from geo-
chemical analyses of the ancient rocks that militate in favor of the presence of bacterial
ecosystems in the period that we are discussing in this section, namely 3.8-3.9 Gyr BP. The
question of the metamorphism to which the Isua samples have been subjected remains con-
troversial Schidlowski et al. (1983). Stromatolites consist of laminated columns and domes,
essentially layered rocks. Prokaryotic cells called cyanobacteria form them. In addition, they
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are users of chlorophyll-a to capture the light energy that will drive the photosynthetic pro-
cess. We remind the reader that chlorophyll is a pigment that is present in chloroplasts that
captures the light energy necessary for photosynthesis. Chlorophyll-a is the most common of
five such pigments absorbing well at a wavelength of about 400-450 nm and at 650-700 nm.
The reason that there are so many pigments in photosynthesis is that each pigment absorbs
light more efficiently in a different part of the spectrum. Cyanobacteria are mat-building com-
munities. Right back into ancient times such mats covered some undermat formation of green
sulphur and purple bacteria. Such underlying microorganisms are (and were) anaerobes that
can actually use the light that impinges on the mat above them by using bacteriochlorophylls
that absorb wavelengths of light that pass through the mat above them Schopf (1999). Stro-
matolites have persevered practically without changes for over 3 billion years. The exact date
for the earliest stromatolitic fossils is at present under discussion Basier et al. (2002); Schopf
et al. (2002). They have been dated at around 3.5 Gyr BP Schopf (1993). If the fossils are
accepted, life’s origin must be in the Archean, or even earlier, considering the complexity of
a cyanobacterium itself.

Another signature of the early Sun is provided by isotopic fractionation of the five sta-
ble noble gas elements, namely, He, Ne, Ar, Kr, and Xe. The early atmosphere arose from
collisions during the accretion period, the so-called heavy bombardment of the surface of the
Earth. Planetesimal impacts increase the surface temperature affecting the formation of either
a proto-atmosphere or a proto-hydrosphere by degassing of volatiles Matsui & Abe (1986).

Thus, life emerged on Earth, during the Archean (3.8 - 2.5 Gyr BP). From the point of
view of SpW, we should first of all appreciate the magnitude of the ionizing radiation that
may have been present at that time. According to some theoretical arguments the origin of life
may be traced back to the most remote times of this eon (3.8 Gyr BP). Indeed, isotopic and
geologic evidence suggest that photosynthesis may have been already viable by analysis of
the biogeochemical parameter delta 13 C Schidlowski et al. (1983). Besides in the Archean
the atmosphere was to a large extent anoxic. As a result the abundance of ozone would not
have acted as a UV defense mechanism for the potential emergence of life. UVB (280-315
nm) radiation as well as UVC (190-280 nm) radiation could have penetrated to the Earth’s
surface with their associated biological consequences Cockell (1998); Elster (1999). If the
distribution of life in the Solar System took place by transfer of microorganisms between
planets, or satellites, knowledge of SpW becomes fundamental during the early stages of its
evolution, to have some constraints on the possible transfer of microorganisms, as investi-
gated extensively Horneck & Cockell (2001). The most radiation resistant organismknown at
present exhibits a remarkable capacity to resist the lethal effects of ionizing radiation. The
specific microorganism is a non-spore forming extremophile found in a small family known
as the Deinococcaceae. In fact, Deinococcus radiodurans is a Gram-positive, red-pigmented,
non-motile bacterium. It is resistant to ionizing and UV radiation. Various groups have stud-
ied these microorganisms Battista (1997); Daly et al. (2004); Levin-Zaidman et al. (2003).
Members of this bacteria taxon can grow under large doses of radiation [up to 50 grays (Gy)
per hour]. They are also known to recover from acute doses of gamma-radiation greater than
10,000 Gy without loss of viability. Such microorganisms demonstrate that life could have
survived at earlier times when the Earth surface was more exposed to solar radiation.
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3 Deeper Insights Into the Origin of Life From Solar Missions

Space climate and space weather are also fundamental for understanding the early evolution
of life. The DNA repair mechanisms that extremophilic organisms evolved in response to a
continuously changing space environment. The Sun changed considerably in time its temper-
ature and luminosity, key factors for astrobiology that require better understanding, so that we
would be in a position to predict with a certain degree of confidence what were the condi-
tions like during the first Gyr of the evolution of the Solar System. The violent eruptions of
solar flares during its earliest stage (T-Tauri), soon gave way to a very broad range of physical
conditions that have to be clarified by further research. There are several reasons to raise the
question: Why do we need improved understanding, and predictions of solar activity? One
reason arises from theoretical modeling of the earliest organisms. Predictions range broadly
in their claims. Improved understanding of solar activity in the first billion years of the Earth
would provide essential clues. Additional aspects of astrobiology, such as the question of the
distribution of life in the Solar System, also depend on further research outside the frontier
of astrobiology, namely by acquiring improved understanding of solar activity, such as the
preliminary information that has been possible to retrieve from the ISS.

Much progress has been achieved since the 1990s missions for studying the Sun. Firstly,
remarkable progress has been possible with the Solar and Heliospheric Observatory (SOHO),
a joint NASA-ESA spacecraft. SOHO is concerned with the physical processes that form and
heat the Sun’s corona, maintain it and give rise to the expanding solar wind. A second mission
launched in the last decade is Ulysses with measurements of the Sun from a polar orbit. It is
also dedicated to interplanetary research especially with interplanetary-physics investigations,
including close (1992) and distant (2004) Jupiter encounters. More recently, the Transition
Region and Coronal Explorer (TRACE) is giving us information on the three-dimensional
magnetic structures that emerge through the photosphere, defining both the geometry and
dynamics of the upper solar atmosphere. In this respect, the Solar Terrestrial Relations Obser-
vatory (STEREO) launched in February 2006 will study the nature of coronal mass ejections
(CME), which in spite their significant effect on the Earth, their origin, evolution or extent in
interplanetary space remains as a challenge. Persevering with the solar missions like Ulysses
should be useful, especially in the future when we should address an important question:
whether in the past 2 - 3 Gyrs similar events may have produced space climate and weather
harmful, or beneficial for the evolution of life in the solar system. There is another reason
for persevering with Ulysses-type of missions. The focus of space weather from the point
of view of astrobiology gives us a hint. Jupiter’s moon Io is emitting volcanic particles at
passing spacecraft. The dominant source of the jovian dust streams is Io’s volcanoes Graps
et al. (2000). In September 2004 Io emitted dust particles whose impact rate was recorded
by the Cosmic Dust Analyzer on board of Ulysses. The discovery of this phenomenon dates
back to 1992 when, a stream of volcano dust hit Ulysses as it approached within 1 AU from
Jupiter Grun et al. (1993). Cassini’s dust detector is more capable than the instrumentation
on Ulysses when faced with a similar event Srama et al. (2000). In addition to mass, speed,
charge and trajectory, Cassini measured elemental composition finding sulfur, silicon, sodium
and potassium, whose origin is volcanic. This raises a question that will deserve further atten-
tion in the future.
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4 Solar and Extra-solar Imprints On the Lunar Regolith and Fossils

Preliminary modelling of the Sun does not allow useful extrapolations into the distant past in
order to study in detail the solar physics influences on the emergence and early evolution of life
on Earth Jerse (2006). The difficulty encountered in the simultaneous study of astrobiology
and SpW is not insurmountable. Fortunately, considerable information can be retrieved from
observations of extraterrestrial samples, either meteorites, or lunar material. We will consider
the fossils that represent an imprint of anomalous conditions in our environment since the Pro-
terozoic. We have studied with special attention the records that may give some information
about the factors favorable for life. Such data may be retrieved from the Sun during a period
when fossils of animals were not available, during or at the end of the Archean. Such imprints
are available in the upper layer of the lunar surface, on its regolith. The Moon is depleted
of volatile elements such as hydrogen, carbon, nitrogen and the noble gases, possibly due to
the fact that the most widely accepted theory of its formation is the impact of the Earth by a
Mars-sized body during the accretion period. The expulsion of a large amount of matter from
the embryonic Earth gave rise to the Moon Canup & Asphaug (2001). The satellite cooled
quickly, but did not form an atmosphere, possibly due to the smaller cross section than the
Earth. Ions from the solar wind are directly implanted into the lunar surface Kerridge et al.
(1991). This component was detected during the Apollo missions. The isotopic composition
of the noble gases in lunar soils has been established as being subsequent to the formation
of the Moon itself. But nitrogen has a special place in the research for the nature of the as-
trochemistry of the early solar system. Unlike some of the other CHNOPS elements, in lunar
soils it is estimated that between 1.5 and 3 Gyr BP there was an increment of some 50% in the
ratio 15N/14N. This result has been abundantly confirmed. By performing single grain analy-
ses Wieler and co-workers have searched for evidence of a predominantly non-solar origin of
nitrogen in the lunar regolith Wieler et al. (1999). There have also been attempts to analyze
trapped N in the lunar regolith Hishizume et al. (2000). Ozima and co-workers propose that
most of the N and some of the other volatile elements in lunar soils may actually have come
from the Earth’s atmosphere rather than the solar wind Ozima et al. (2005). Hopefully with
the availability of new missions, such STEREO involving two spacecraft in heliocentric orbit
to study coronal mass ejections (CMEs), further measurements of the isotopic N-abundances
may contribute to sorting out the astrochemical signatures of the early solar system that are
awaiting to be deciphered. Such knowledge of nitrogen will represent considerable progress
in the study of the origin of life on Earth.

Gamma ray bursts (GRBs) are powerful explosions that produce a flux of radiation de-
tectable across the observable Universe. These events possibly originate in distant galaxies,
and a large percentage likely arises from explosions of stars over 15 times more massive than
our Sun. A burst creates two oppositely directed beams of gamma rays that race off into space.
Mass extinctions have eliminated a significant fraction of life on Earth. GRB, together with
meteoritic collisions, or an atmosphere that has gone through a transition unfavorable to the
Earth biota are three likely causes that need to be discussed together, as we have attempted
to do in the present review. The Ordovician is the second oldest period of the Paleozoic Era,
thought to have covered the span of time between 505 and 440 million years BP (Myrs BP).
The late Ordovician mass extinction took place at approximately 440 Myrs BP may be at
least partly the result of a GRB. Due to expected depletion of the ozone layer arising from the
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incoming energetic flux, the solar UV radiation that is normally shielded would give rise to
a severely modified ecosystem. All marine animals suffered mass mortalities during the Late
Ordovician. Mass mortalities at the close of the Cambrian and late in the Ordovician resulted
in the unique aspects of the Ordovician fauna. The Swift mission, launched in November
2004, contributes to determine recent burst rates. During evolution of life certain events trig-
gered large-scale extinctions. We consider one of the most remarkable possible candidates.
Radiation during post-Ordovician glaciation led to many new taxa typical of the Silurian.
GRBs within our Galaxy have been suggested to be a possible threat to life on Earth Scalo &
Wheeler (2002). Some effects similar to those due to a nearby supernova should be expected.
GRBs are less frequent than supernovae, but their greater energy output results in a larger
region of influence, and hence they may pose a greater threat. Alternatively extinctions may
have been triggered by impacts (asteroids, comets) or by geochemical activity Chela-Flores
et al. (2007).

5 Concluding Remarks

The Sun exhibits a stable radiation output, which is expected to endure for a long time scale, a
subject that is extensively reviewed, for example in several papers in Ref.Sonett et al. (1991).
This stable output is called space climate. On the other hand, on a short-time scale solar ac-
tivity may perturb the heliosphere by originating the above-mentioned radiation outbursts,
characterizing SpW Messerotti (2004). The main thesis that we have presented in this paper
is that the long-term solar influence (space climate) does affect the evolution of life on Earth,
but the evolution of the Earth itself gradually accommodates itself to the gradual adaptation
of life to a changing environment. One evident example is the gradual emergence of an ozone
layer in the Proterozoic, long after the first prokaryotic cells (cyanobacteria) emerged in the
lower Achaean. On the other hand, SpW, a short-term influence, may have in the past been a
factor in the origin, evolution, distribution and eventual destiny of life on Earth, namely a fac-
tor in the main topics that concern the new science of astrobiology. In our recent collaboration
we have provided several examples that argue in favour of solar activity, space weather and
astrobiology being brought within a unified framework Messerotti & Chela-Flores (2007a,b);
Chela-Flores & Messerotti (2007); Chela-Flores et al. (2007). This approach naturally leads us
to the suggestion of exploiting instrumentation from somewhat dissimilar sciences (astronomy
and astrobiology) with a unified objective. We have attempted a preliminary comprehensive
discussion of how research in the conditions of the early Sun combine with observations in
several disciplines to give us insights into the factors that lead to the emergence of life in a
given solar system (biogeochemistry, lunar science, micropaleontology and chemical evolu-
tion). These considerations are necessary to approach the conditions that will allow life to
emerge anywhere in the universe.
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1 Introduction

Working Group 2, The Radiation Environment of the Earth, of COST-724 Action concentrated
on conducting observations and developing models of the dynamics of the Earth’s radiation
environment. The working group (WG) was a collaborative effort of more than 20 institutes
in Europe (http://theory.physics.helsinki.fi/∼space/cost724/).

When setting up the working group, the leaders of the WG-2 (R. Vainio and D. Heynd-
erickx) did not formulate very detailed work package (WP) structure as a basis of work in
WG-2. Instead, the WG was originally organized in four major WPs according to the goals
of WG-2 expressed in the Memorandum of Understanding (MoU) of the action. These WPs
were

WP2100: Interaction of solar energetic particles with the magnetosphere (leaders: J. Rodri-
guez-Pacheco, R. Vainio)

WP2200: Cosmic rays and space weather (leader: K. Kudela)
WP2300: Radiation belts: particles and plasma waves (leaders: H. Rothkaehl, D. Heynder-

ickx)
WP2400: Radiation effects on the environment, technology, and human health (leader: Ts.

Dachev)

The participating research groups each presented their research interests to the group as Ex-
pressions of Commitment (EoC) formulated on a common template, which outlined the work
proposed to be undertaken in each research group during the action, and indicated the WPs
that were to benefit from the proposed work. The EoCs were presented to the group in the first
two WG-2 meetings, which took place in 2004 (in April and October, respectively). Some of
the projects were already based on existing collaborations between the participating institutes
while some others formed strong collaborations between the groups during the four years of
the Action.

Most of the groups working on topics related to WP2100 were also working on WP2200,
and in practice the two WPs constituted a single entity. The effects of the radiation on the
Earth’s atmosphere, originally included in WG2400, were also studied by the same groups.
Thus, in practice the work was organized under the following broad topics
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1. Solar and galactic cosmic rays and space weather
2. Radiation belts: particles and plasma waves
3. Radiation effects on the technology and human health

Under each topic, the work was organized roughly according to the same general scheme:

• Review of available models and data
• Model development
• Supporting experimental research

In the papers included in this chapter, the most important results achieved in WG-2 during
the four years of the action are presented. In addition to these specific papers describing and
reviewing the actual work, a summary of the basic physics behind the models developed in the
WG is given in the first paper by Vainio et al. This paper is designed to provide the necessary
tutorial background information for easier reading of the specific papers. It is, however, not
aimed at providing a comprehensive review to the physics of the radiation environment.

The models and the available data sets being developed and maintained by the participat-
ing institutions are listed in the present paper, to give a quick-look summary to the models
and data sets maintained within the Working Group.

In addition to the physical background presented in the first paper, the specific papers
of the chapter are providing additional reviews and original results on the following topics
(numbering follows the broad topics of the working group)

1. Desorgher et al. and Usoskin et al. describe the interaction of the cosmic radiation (both
galactic and solar) with the Earth’s magnetosphere and atmosphere; Nymmik and Valtonen
et al. describe empirical models of solar particle fluences in the interplanetary medium
and Gabriel and Dorman describe models designed for forecasting solar energetic par-
ticle events; Kudela & Kuznetsov summarize the observations of solar neutral radiation
performed by the participating research groups; and Hippler et al., Dorman and Dudok de
Wit & Chilingarian describe observational techniques to use cosmic radiation to forecast
large space weather events.

2. Horne & Boscher describe the recent modeling efforts on wave-particle interactions in
the radiation belt regions and Rothkaehl et al. describe the observational aspects of the
response of the ionospheric plasma to the physical processes in radiation belt region.

3. McKenna-Lawlor provides a review on the most important effects of radiation on tech-
nology in space and Spurny & Dachev review their comprehensive results on the effects
of space radiation on human health.

As reflected by the number of papers falling under the topics 1–3, the most active collabora-
tions inside the WG were formed in the fields related to solar and galactic cosmic rays.

2 Summary of models provided by WG-2

In the following, the models for the radiation environment developed by the members of
COST724/WG2 are listed in two tables. Acronyms used in the table are listed in the end
of the paper. Table 1 lists the models related to the cosmic-ray components of the radiation
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environment. Table 2 lists models related to the geomagnetic field, to the plasma wave activity
and to the radiation belts. Each row in the tables contains data for one model. The first column
gives the name of the model (with a member of WG-2 participating in the model development
in parentheses); the second column gives the domain of the model; the third indicates whether
the model is a physical, empirical or a semi-empirical one; the fourth column gives the most
important input parameters or data to the model; the fifth column describes the output of the
model; and the sixth column gives some reference information – either a website or a scientific
paper – about the model. Some of the models are also described in more detail in the specific
papers of this chapter.

3 Summary of data provided by WG-2

Most of the monitoring work in WG-2 was performed by the CR stations taking part in the
action. Table 3 provides a list of ground based CR detectors operated by participating in-
stitutions. The action significantly fostered the collaboration between these institutions and
first steps were taken toward a real-time database of CR measurements in Europe (see next
section).

A very extensive set of satellite data relevant to the radiation environment is provided by
the Moscow State University’s Low Altitude Space Radiation Environment (LASRE) Database
(see, http://www.magnetosphere.ru/dataintr.html#LASRE). The database contains obser-
vations of energetic electrons and protons made on-board Cosmos-1686 and CORONAS satel-
lites, and MIR Station. In addition, a large number of other data sets on, e.g., the geomagnetic
field are available, and other databases, e.g., NASA’s OMNI, are linked from the site.

Energetic particle data in the solar wind are provided by the ERNE/SOHO measure-
ments (www.srl.utu.fi/erne data/main english.html). This website provides on-line, near-
real-time access to spectral measurements of protons and He ions at energies 1–100 MeV/n
with a 1-minute time resolution. Also heavy ions up to iron group are measured by the instru-
ment. Contact E. Valtonen, eino.valtonen@utu.fi, for further information.

Other monitoring activities of the group include the HF wave diagnostics on-board the
Coronas-I satellite. Wave measurements on-board CORONAS-I contained Solar Radio Spec-
trometer (SORS) within the range of 0.1–30 MHz with 25 kHz step and 15 kHz passband.
Wave diagnostics in the frequency band 50–300 MHz were also available. Consecutive spec-
tra were registered every 30 s with a sweep period of 6.4 s. The data is downloadable. For
further information, contact: H. Rothkaehl (hrot@cbk.waw.pl).

4 Conclusions and Outlook

The specific objectives for WG-2 listed in the MoU are:

• To develop a quantitative model of the interaction of solar energetic particle events with
the Earth’s magnetosphere.
– This task is fully completed by the successful implementation of the MAGNETO-

COSMICS code to the European Space Weather Portal (ESWP). Also another magne-
tospheric CR propagation model by Kudela and Storini is available at ESWP.
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Table 1. CR models submitted to COST724/WG2.
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Table 2. Magnetic-field and radiation belt models submitted to COST724/WG2.
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Table 3. Ground based CR detectors operated by participating institutions. (Table kindly provided by
E.O. Flückiger.)
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– For a thorough description of the magnetospheric propagation of CR, see Desorgher
et al.

– The group has also developed models of the interaction of SEPs and GCRs with the
Earth’s atmosphere (see Usoskin et al.).

• To develop a quantitative model of the development of trapped radiation in the Earth’s
magnetosphere during geomagnetic storms.
– This objective is addressed by the Salammbô and PADIE codes being developed by

members of WG-2 (see, Horne and Boscher). The work is still in progress.
– Analysis of observations on wave-particle interactions, supporting the model devel-

opment, in the magnetosphere has also been performed by the group members (see
Rothkaehl et al., this volume).

• To develop a quantitative model of the variation of galactic cosmic radiation in response
to solar activity.
– For the long term modulation, several models exists and a few have been developed in

WG-2 (e.g., the CR modulation model of Oulu, see Table 1 and Vainio et al.).
– For the short-term effects (i.e., Forbush decreases), work to create a rigidity dependent

model of Forbush decreases has been initiated as a collaboration between the Univer-
sities of Oulu and Helsinki. The groups have access to relevant CR data as well as
numerical simulation tools needed to create the model. Results cannot be expected
before the end of the year 2008.

• To study how electronic technology in satellites, launchers and aircraft is affected by the
Earth’s radiation environment.
– Types of effects reported in the literature have been reviewed (see McKenna-Lawlor).

• To study how humans are affected by solar and cosmic radiation in different activities (eg.
astronauts, aircrew, air passengers, on the ground).
– A multi-year program of dosimetric measurements on-board spacecraft and aircraft by

collaboration of WG-2 institutes has been carried out (see Spurný and Dachev).
• To set up and maintain a database of recorded effects on electronic technology and human

health.
– An extensive, albeit not complete, list of reported effects on electronic technology has

been compiled (see McKenna-Lawlor, CD supplement of this volume).
– Compiling a comprehensive database of the recorded effects was not considered fea-

sible due to well-known difficulties in getting information of spacecraft failures from
the commercial satellite operators.

• Liaise with WG4 to ensure that relevant data and models are incorporated to a European
Space Weather Network.
– Models ready for implementation have been incorporated to the ESWP.
– The work is still in progress for some models.

In addition to the objectives listed in the MoU, the group has made significant progress other
areas related to the radiation environment and its effects on the planet Earth and civilization.
Four models for forecasting SEP events (Gabriel; Dorman), and peak fluxes and fluences of
solar protons (Nymmik) and heavy ions (Valtonen et al.) have been under development under
the umbrella of WG-2. Note that in addition, several teams in WG-1 (see Storini et al., this
volume) and WG-3 (see Sanahuja et al., this volume) have been working on engineering-type



110 Vainio & Heynderickx

models for SEPs. An important application of CRs in space weather research is also their use
as indicators of large interplanetary disturbances approaching the Earth (see Dorman; Hippler
et al.; and Dudok de Wit & Chilingarian).

In conclusion, several new and existing models for describing the Earth’s radiation en-
vironment have been developed during the four years of COST-724 action. The role of the
action in enabling new collaborations has been a substantial one. As examples, we mention
here some important developments: the atmospheric ionization codes maintained in three Eu-
ropean institutes (Oulu, Bern and Sofia) were cross-calibrated and their ranges of validity were
carefully studied (see Usoskin et al.). This collaboration was enabled by the working group
meetigns and Short Term Scientific Missions by the teams. As another example of successful
collaboration fostered by COST-724, we can list the successful FP7 proposal for a Real-time
database of neutron monitor observations, to be established and maintained by the European
cosmic-ray stations, most of which are members of WG-2. This database will create an op-
portunity for the provision of information of the atmospheric neutron component related to
galactic and solar cosmic rays, which poses a radiation hazard to the aircraft crew and passen-
gers on polar routes. The provision of such information in real-time can enable the rerouting
of flights on high risk routes. This identified as one of the key application areas of the action
in the MoU.

Some of the key areas of the dynamics of the radiation belts are still incompletely modeled.
For example, work on replacing the empirical models of NASA for the radiation belts (AP-8
and AE-8 models) is long overdue. Forecasting of the SEP events is still in an unsatisfactory
state although progress has been made during the action (see also Storini et al., this volume).
Probably one the most pressing needs is to bring the scientific models of the trapped particle
radiation developed in Europe in the public domain. This would enable significant steps to
be taken towards engineering models capable of adequately describing the dynamics of the
radiation belts. Special efforts should also be directed toward obtaining failure reports from
commercial satellite operators to enable a more complete view of the effects on technology to
be acquired.

List of acronyms used in tables 1–3

CR Cosmic ray
E Empirical
GCR Galactic cosmic ray
GEO Geostationary orbit
HCS Heliospheric current sheet
IGRF International geomagnetic reference field
IMF Interplanetary magnetic field
P Physical
S-E Semi-empirical
SCR Solar cosmic ray
SEP Solar energetic particle
SW Solar wind
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1 Introduction

The Earth’s radiation environment consists of three major components: the galactic cosmic
rays (GCR), the solar energetic particles (SEPs) or solar cosmic rays (SCR), and the trapped
particles of the Van Allen belts. In the following sections, we will briefly outline the physical
processes that determine the evolution of these components. The level of the paper is designed
to provide the necessary tutorial background information for getting familiar with the physics
of the radiation environment. It is, however, not aimed at providing a comprehensive review
to the subject.

2 Rationale – Physics behind the models

2.1 Cosmic-ray modulation

Before reaching the vicinity of Earth, Galactic cosmic rays (GCR) experience complicated
transport in the heliosphere that leads to the GCR modulation, which determines the long-
term variations of this component of the radiation environment. The CR transport is described
by the Parker’s equation (Parker, 1965; Toptygin, 1985):

∂U

∂t
= ∇ · (Ks · ∇U)−∇ · (VswU)−∇ · (〈vD〉U) +

1
3

(∇ ·Vsw)
∂

∂T
(aTU) , (1)

where U(T, r, t) is the CR number density per unit interval of particle kinetic energy, T ;
Vsw is the solar wind (SW) speed; a = (T + 2Tr)/(T + Tr) where Tr is the particle’s rest
energy; Ks is the symmetric part of the diffusion tensor. This equation describes the following
basic processes affecting the CR transport in the heliosphere. The diffusion of particles due to
their scattering on magnetic inhomogeneities is represented by the first term of the equation.
The second term describes the convection of particles by the outblowing solar wind. Next
term deals with drifts, via the average drift velocity 〈vD〉, that CR particles experience in
the heliosphere. Two types of drifts are important: the gradient-curvature drift in the regular



114 Vainio et al.

heliospheric magnetic field, and the drift along the heliospheric current sheet (HCS), which
is a thin magnetic interface between the two heliomagnetic hemispheres. Note that, although
the drifts play an important role in the CR modulation (Jokipii and Thomas, 1981), they do
not modify the CR spectrum per se but only in combination with other mechanisms. The last
term in Eq. 1 accounts for the adiabatic energy losses in the expanding solar wind. The local
interstellar spectrum (LIS) of CR forms the boundary condition for the heliospheric transport
problem. Since the LIS is not measured directly, i.e. outside the heliosphere, it is not well know
in the energy range affected by the CR modulation (below 100 GeV). In this energy range LIS
is usually assumed basing on the modeled CR production and transport in the galaxy and/or
on inverting the heliospheric modulation models. Presently used approximations for the LIS
(e.g. Garcia-Munos et al., 1975; Burger et al., 2000; Moskalenko et al., 2002; Webber and
Higbie, 2003) agree with each other for energies above 20 GeV but may contain uncertainties
of up to a factor of 1.5 around 1 GeV. These uncertainties in the boundary conditions make
the results of the modulation theory slightly model-dependent (see discussion in Usoskin et
al., 2005) and require the used LIS model to be explicitly cited.

The transport equation (1) cannot be solved analytically, and a full numerical solution of
the 3D time-dependent transport equation is a complicated task and requires knowledge of
the heliospheric parameters which cannot be directly measured (e.g., the diffusion tensor –
see Burger and Hattingh, 1998). Accordingly, the full solution (e.g. Kota and Jokipii, 1983;
Kota, 1995) is usually applied to qualitative theoretical studies, while different simplifications
are often used for practical purposes. Usual assumptions on the azimuthal symmetry and
quasi-steady changes reduce the problem to a 2D time-independent problem, which can be
successfully solved numerically (e.g. Langner et al., 2006; Alanko-Huotari et al., 2007). Note
that these simplifications can be applied to time scales of longer than the solar rotation period.
As next step one can assume that the heliosphere is spherically symmetric, thus reducing the
problem to a 1D case (Gleeson and Axford, 1968). This approximation can be used only for
rough estimates, since it eliminates the effect of the drifts, but it is useful for the long-term
studies, when the heliospheric parameters cannot be evaluated (e.g., Usoskin et al., 2002;
Caballero-Lopez and Moraal, 2004).

Using further but still reasonable assumptions (constant solar wind speed, roughly power-
law CR energy spectrum, slow spatial changes of U ), one can reduce the 1D equation to the
force-field case (Gleeson and Axford, 1968), which can be solved analytically. The differential
intensity Ji of cosmic ray nuclei of type i at 1 AU is given as

Ji(T, φ) = JLIS,i(T + Φi)
(T )(T + 2Tr)

(T + Φ)(T + Φi + 2Tr)
, (2)

where Φi = (Zie/Ai)φ for a cosmic nuclei of i-th type (charge and mass numbers are Zi

and Ai), T and φ are expressed in MeV/nucleon and in MV, respectively, Tr = 938 MeV, We
stress again that this approach not only contains the explicit modulation potential φ, which
corresponds to the mean rigidity losses of a CR particle in the heliosphere, but is also implic-
itly dependent on the LIS. We note that this approach gives the results at least dimensionally
consistent with the full theory. Moreover, the spectrum of different GCR species measured at
Earth can be perfectly fitted by Eq. 2 using the only parameter φ in a wide range of the solar
activity level (see Fig. 1). Therefore, the force-field model provides a very useful and simple
parametric approximation of the differential spectrum of GCR. This model contains only one
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variable parameter and, therefore, the whole energy spectrum (in the energy range from 100
MeV/nucleon to 100 GeV/nucleon) for protons and α−particles can be described by a single
number, the modulation potential φ, within the framework of the adopted LIS. However, we
warn again that φ is only a formal spectral index whose physical interpretation is not straight-
forward, especially on short time scales and during periods of active Sun (Caballero-Lopez
and Moraal, 2004).
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Fig. 1. Differential energy spectra of two most abundant components of GCR, protons (upper curves)
and α−particles (lower curves). Filled and open dots depict the results of direct measurements for a
quite period of June 1998 (Alcaraz et al., 2000a,b) and a solar active period in September 1989 (Webber
et al., 1991), respectively. The curves depict the best fit model results with φ = 530 MV and φ = 1350
MV, respectively (Usoskin et al., 2005). The dotted curve corresponds to the LIS (φ = 0) for protons.

2.2 Solar energetic particle transport

Solar energetic particles (SEPs), i.e., solar cosmic rays (SCR), are observed as two major types
of events: gradual and impulsive. The gradual events are intense proton-rich particle events
lasting from some days to week and having an ion composition close to that of the coro-
nal plasma. The maximum proton energies observed in these events extend up to a few GeV
in the most extreme cases. Gradual events are related to coronal mass ejection and gradual
X-ray flares. The impulsive events are electron-rich and their ion abundances show huge en-
hancements of minor ion species such as 3He and heavies relative to the coronal abundances.
They last from a few hours up to a day and have smaller proton intensities than the gradual
flares. These events are related to impulsive X-ray flares. The two types of events are thought
to be accelerated in coronal shocks driven by CMEs and in turbulent magnetized plasma of
impulsive flares by wave-particle interactions, respectively. (Reames, 1999)
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In principle, SEPs propagate in the interplanetary magnetic field (IMF) according to the
same equations of motion as the galactic cosmic rays. Usually, however, effects such as adi-
abatic deceleration, convection with the solar wind, and drifts due to inhomogeneities in the
magnetic field can be neglected in the inner heliosphere for particles of speeds v & 0.2 c,
where c is the speed of light. In the simplest approach to the SEP transport, one can thus
use the same diffusive transport equation (1) as with GCRs, but now with only two terms
remaining

∂U

∂t
= ∇ · (K · ∇U) , (3)

where the diffusion tensor is usually taken to be of form K = K‖(p, r)bb, i.e., only diffusion
along the magnetic field, B = B b, is included. However, there is one important distinction
relative to GCR that often invalidates the use of diffusive transport to describe SEP transport:
unlike the GCR distribution with its quasi-stationary source outside the heliosphere, the SCR
distribution has very anisotropic and rapidly evolving character.

The basic processes included in the non-diffusive SEP transport equation are streaming
along the magnetic field lines, adiabatic focusing due to the decreasing magnetic field magni-
tude (by the conservation of the first adiabatic invariant), and pitch-angle diffusion due to the
resonant interaction of the streaming energetic particles with the magnetic-field fluctuations
(low-frequency plasma waves and/or turbulence), and the corresponding transport equation is
known as the focused transport equation (Roelof, 1969; Ruffolo, 1991),

∂f

∂t
+ µv

∂f

∂s
+

1− µ2

2L
v
∂f

∂µ
− ∂

∂µ

(
Dµµ

∂f

∂µ

)
= Q, (4)

where f(s, v, µ, t) = d6N/(d3x d3p) is the distribution function of the SEPs on a given mag-
netic field line, s is the coordinate measured along the magnetic field, p is particle momentum,
µ is the cosine of pitch angle (with µ = 1 denoting outward propagation), L = −B/(∂B/∂s)
is the focusing length determined by the mean magnetic field, B(s), as a function of distance,
Dµµ = 1

2 〈(∆µ)2〉/∆t is the pitch-angle diffusion coefficient, and Q = Q(s, v, µ, t) is the
source function, determined by the processes that accelerate the particles in the solar corona
and solar wind.

Later versions of the focused transport equation have included the effects of adiabatic de-
celeration and convection (Ruffolo, 1995) and partly even the effects of drift motions due
to field inhomogeneities (le Roux et al., 2007). These are necessary especially if the en-
ergy changes of the particles in the solar wind, including particle acceleration in interplan-
etary shock waves, are to be modeled self-consistently. However, in the context of space
weather engineering models, like SOLPENCO (see Sanahuja et al., this volume), the ac-
celeration processes are typically handled in a phenomenological manner though an ap-
propriately formulated source function Q. (SOLPENCO can be accessed on-line through
http://www.spaceweather.eu .)

The most important unknown parameter in the focused transport equation is the pitch-
angle diffusion coefficient. Usually, this parameter, Dµµ = 1

2 (1 − µ2)ν(v, µ, s), is modeled
by choosing the scattering frequency, ν ≡ 〈(∆α)2〉/∆t (where α = arccosµ), to be of a
power-law form ν = A(v, s)|µ|q−1. The power-law index is, thus, determined by the spectral
index, q, of the intensity of magnetic field fluctuations, I(k) = I0|k0/k|q, through the quasi-
linear theory (Jokipii, 1966). The magnitude, A ∼ Ω(k0I0/B

2)|k0v/Ω|1−q, is related to
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the gyrofrequency Ω of the particle and to the intensity I0 of the magnetic fluctuations at
a reference wavenumber, k0, but since the intensity is not known as a function of distance
throughout the inner heliosphere, modelers usually fix A by introducing the parallel mean
free path, λ‖, through

λ‖ ≡
3v
4

∫ +1

−1

1− µ2

ν
dµ =

3v
A(2− q)(4− q)

, (5)

and adopting a spatial dependence for this parameter. (The rigidity dependence of the mean
free path is usually taken to be fixed by q as λ‖ ∝ R2−q, consistently with the quasi-linear
result.)

The physical meaning of λ‖ is that under strong scattering, i.e., λ‖ � L, particle transport
in the interplanetary medium becomes diffusive with the spatial diffusion coefficient along
the mean magnetic field given by K‖ = 1

3vλ‖. In this case, we can write

∂U

∂t
=

1
r2

∂

∂r

(
r2Krr

∂U

∂r

)
, (6)

where Krr = K‖ cos2 ψ, cosψ = dr/ds, ψ is the angle between the radial direction and the
magnetic field, and r is the radial distance from the Sun. The attractive feature of this equation
is that it can be solved analytically for reasonable assumptions of the spatial dependence of
the diffusion coefficient. (See Dorman, this volume, for an example of using this equation to
develop a forecasting model of SEP event evolution.)

The focused transport equation cannot be solved analytically in any realistic magnetic field
geometry. Several simulation codes exist, however, to provide the numerical solutions, and
they fall into two main types of solvers: (i) finite difference (FD) schemes (e.g., Ruffolo, 1991,
1995; Lario et al., 1998) and (ii) Monte Carlo (MC) simulations (e.g., Kocharov et al., 1998;
Vainio et al., 2000). In FD schemes, one solves the focused transport equation directly on a
grid, and in MC simulations one traces individual particles that follow the stochastic equations
of motion equivalent to the focused transport equation. Both numerical methods have some
attractive features and some drawbacks. The FD schemes are numerically very efficient and
provide the solution for smoothly-behaving initial and boundary conditions very rapidly, but
they are not ideally suited for δ-function-like particle injections, like for computing Green’s
functions of particle transport. The MC schemes, on the other hand are very easy to implement
and update, because including a physical transport process to the code usually means a few
lines of additional code. They can also easily handle any initial conditions and any boundary
conditions that can be specified on a microscopic level, i.e., as rules of particle behavior at
the boundaries of the simulation. As a downside, however, MC simulations usually require a
large amount of CPU time to collect a large enough number of statistics for the reconstruction
of the particle distribution.

2.3 Geomagnetic cutoff

The Earth’s magnetosphere represents a natural shield against galactic and solar cosmic rays.
The lower energy limit needed for a charged particle to cross the Earth’s magnetosphere and



118 Vainio et al.

access a specific position at the top of the atmosphere decreases with the geomagnetic latitude
of the observer, resulting in a cosmic ray flux on Earth increasing poleward.

For the study of the interaction of cosmic rays with the Earth’s environment it is important
to quantify the cutoff rigidity, which represents roughly the a lower bound of the CR parti-
cle’s rigidity needed to reach a position from a given direction (Cooke et al., 1991). For the
purpose of the study of solar energetic particles observed on Earth during Ground Level En-
hancement (GLE) or for the study of cosmic ray anisotropy, it is also important to determine
the asymptotic direction of a cosmic ray particle, which represents its direction of motion
before entering into the magnetosphere.

Cutoff rigidities and asymptotic directions of incidence are computed by using backward
trajectory tracing codes, which combine an internal model of the Earth magnetic field and a
magnetospheric magnetic field model (Smart et al., 2000; Flückiger & Kobel, 1990; Bobik et
al., 2003). In these codes the trajectories of cosmic rays with different rigidities, arriving at
the same observing position and from the same direction of incidence, are computed back-
ward in time as illustrated in the main picture in Fig. 2. The curves represent the trajectories
of positively charged particles with a rigidity of 20, 10, 5, and 4.45 GV. In this case all the
trajectories are initiated in the vertical direction at 20 km altitude above Jungfraujoch Switzer-
land. Particles with 20 and 10 GV rigidities have small trajectory bending before escaping the
Earth’s magnetosphere. The particle with 5 GV rigidity is bent stronger but can still escape the
Earth’s magnetosphere. The 4.45 GV trajectory makes several complex loops before reaching
another point on the Earth’s surface, illustrating that for this specific rigidity a cosmic ray
can not reach the Jungfraujoch location. Some trajectories not shown here, which neither go
back to the Earth nor leave the magnetosphere, can also be observed. Trajectories that do not
leave the Earth’s magnetosphere are called forbidden trajectories while those of particles es-
caping the Earth’s magnetosphere are called allowed trajectories. The direction of motion at
the position where an allowed trajectory crosses the magnetopause represents the asymptotic
direction of incidence.

Backward trajectories are computed generally for a set of rigidities spanning a large range
of values with a constant rigidity interval δR (usually 0.01 GV). The results of such computa-
tion for the case of Jungfraujoch is plotted in the right panel of Fig. 2. Three rigidity regions
are identified:

i a high rigidity region where all trajectories are allowed;
ii a low rigidity region where all trajectories are forbidden;

iii an intermediate region called the penumbra where bands of allowed trajectories are sepa-
rated by bands of forbidden ones.

The rigidity of the last allowed computed trajectory before the first forbidden one is called
the upper cutoff rigidity RU . The rigidity of the last allowed trajectory, below which all tra-
jectories are forbidden, is called the lower cut-off rigidity RL. Finally, the effective cutoff
rigidity RC is given by RC = RU −nδR, where n represents the number of allowed trajecto-
ries in the penumbra. The reader will find a complete description of the asymptotic direction
computation method and cosmic ray cutoff terminology in Cooke et al. (1991).

For the analysis of the measurements of most ground-based cosmic ray experiments,
where mostly vertically incident particles contribute to the counting rate, it is usually as-
sumed that only cosmic rays with rigidity higher than the vertical effective cutoff rigidity RC
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Fig. 2. Illustration of the backward trajectory technique used for computing cutoff rigidities and asymp-
totic directions. See the text for details.

can reach the top of the Earth’s atmosphere from all directions of incidence. However at high
altitude and for positions with high cutoff rigidity or in space, the contribution of non vertical
particles becomes important and the variation of RC with the direction of incidence must be
taken into account (Clem et al., 1997; Dorman et al., 2007). The effective cutoff rigidity gives
only a rough approximation of the complex structure of the penumbra. Different authors have
treated more precisely the geomagnetic transmission in the penumbra region than just by us-
ing Rc (e.g., Boberg et al., 1995). In their work, Kudela and co-workers quantify the access
of a CR of rigidity R to a given position by the geomagnetic transmissivity T (R) that repre-
sents the percentage of allowed trajectories over the rigidity interval [R,R+dR] (Kudela and
Usoskin, 2003; Kudela et al., 2007).

The cutoff rigidity and asymptotic direction of incidence vary on different time scales
following the variability of the geomagnetic field. The long term variation is due to the secular
variation of the internal field. The diurnal variation in the geomagnetic cutoff is the effect of
the rotation of the Earth in the magnetosphere, that is oriented in the solar wind flow. A semi
seasonal variation is also observed reflecting the seasonal variation of the orientation of the
internal field with the solar wind . The geomagnetic transmission depends also strongly on the
geomagnetic activity. Different authors have study the variation of cutoff rigidity in function
of substorm and storm activity. Flückiger et al. (1981); Flückiger & Kobel (1990) have studied
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the dependence of cutoff rigidity on magnetospheric current systems during magnetic storms.
Smart et al. (1999) have calculated the changes of verticalRc in function of magnetic activity.
Belov et al. (2005) have studied the variation of vertical Rc during the big magnetic storm of
November 2003. Kudela et al. (2007) have studied the variation of geomagnetic transmissivity
and asymptotic direction during big magnetic storms using different magnetic field models
(see also Desorgher et al. in this issue).

A significant limiting factor in the precision achieved by computation of cutoff rigidity
and asymptotic direction is the accuracy of magnetic field model. Over the last two decades
models of the Earth’s magnetospheric magnetic field have been continuously improved to
describe more precisely the different magnetospheric current systems (magnetopause current,
symmetric and partial ring currents, tail currents and field aligned currents) and their time
variation during magnetic storms. In the joint paper of Desorgher et al. some of these models
are compared in the context of cosmic ray physics.

Different possibilities are available today for computing cutoff rigidity and asymptotic
direction for space weather purpose. Some groups have made their source code available
(e.g., Desorgher, 2005). World grid of vertical Rc on Earth and at low Earth orbit can be
found in the literature (e.g., Smart and Shea, 1997). Different web sites have been developed
to offer the possibility to compute on-line the cutoff rigidity in function of position, time and
magnetic activity (e.g., http://www.spaceweather.eu). For a rapid first order estimate of the
cutoff rigidity analytical approximations exist. By approximating the geomagnetic field by a
dipole, the cutoff rigidity is expressed by the Størmer cutoff formula

Rc =
M cos4 λ

r2(1 + (1− cos3 λ cos ε sin η)1/2)2
(7)

where M is the dipole moment, r is the distance from the dipole center, λ is the geomagnetic
latitude, ε is the azimuthal angle measured clockwise from the geomagnetic east direction
(for positive particles), and η is the angle from the local magnetic zenith direction (Cooke et
al., 1991). Shea et al. (1987) have shown that the vertical effective cutoff rigidity R⊥c and the
McIlwain L shell parameter are linked approximately by the relation

R⊥c = KL−α (8)

where K and α depend on the epoch considered. Recently Storini et al. (2007) have extended
this study and have found that the Eq. (8), with K = 16.293 GV and α = 2.073 provides
the best fit to compute cutoff rigidity at low and mid latitudes for the period 1955–1995.
(Note that for a geocentric dipole field, the field line equation, r = LrE cos2 λ where rE is
the Earth’s radius, predicts that α = 2.) They have shown that for the epoch of 1990, this
formula reproduces the computed RC within an accuracy of 0.05 GV for 21 out of 31 sites
over Europe. It is important to mention that while this formula allows a quick computation
of the cutoff rigidity it should be used only for quiet geomagnetic time and for low and mid
geomagnetic latitudes.

2.4 Atmospheric cascade

Cosmic rays that penetrate into the Earth’s atmosphere interact by electromagnetic and
hadronic processes with the atoms of the atmosphere. This interaction results in a cascade of
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secondary particles also called cosmic ray shower (Grieder, 2001). The lowest energy needed
for a cosmic ray particle to produce a cascade of secondary particles that can be observed on
ground is roughly 500 MeV nucleon−1 and is referred as the atmospheric cutoff. The maxi-
mum flux of secondaries in an atmospheric cascade, referred as the Pfotzer maximum, takes
place typically around 100–200 g/cm−2 of atmospheric depth.

Hadronic interactions of high energy primary and secondary nucleons and ions with atoms
of the atmosphere produce mainly pions, but also nucleons, nuclear fragments and gammas.
Neutral pions decay rapidly into energetic gammas that initiate electromagnetic cascades
made of positrons, electrons and secondary gammas. The development of these electromag-
netic cascades is controlled by the gamma pair production, photo electric, Compton scattering,
and bremsstrahlung processes. Gamma nuclear interactions can also take place but these pro-
cesses are not dominant in the development of an atmospheric cascade.

Charged pions decay into muons and neutrinos. These muons will either survive all their
way through the atmosphere and be observed on ground and underground, or decay before and
produce neutrinos, electrons and positrons which themselves are the source of electromagnetic
cascades. Muons are also produced by the decay of kaons and charmed particles at higher
energy. The flux of muons is higher than the protons and electronic flux at low altitude and is
therefore a dominant source of ionization close to the ground.

Nucleons and nuclear fragments are produced at all energy and are the main product of
hadronic interaction below the energy threshold of pion productions. Protons and ions with
energy smaller than 100 MeV are rapidly stopped by coulomb interactions while the neutrons
continue to interact. Below 10 MeV neutrons decelerate continuously by enduring elastic
scattering on atmospheric nuclei, before being captured at thermal energy.

Following the description given above an atmospheric shower can be divided in three
principal components:

i the electromagnetic or soft part made of gammas, electrons and positrons;
ii the hard component produced by the muons;

iii the nucleonic component made of secondaries neutrons and protons.

Below 40 km the shower particles are the main source of the ionization of the atmosphere.
The impact of this ionization on the ozone layer and on the formation of clouds in the tro-
posphere is the object of intense actual researches (Ermakov, 1997; Jackman, 2001; Marsh
and Svensmark, 2000; Arnold, 2006). Some balloon experiments allow to measure the at-
mospheric ionization locally (Neher, 1971; Ermakov, 1997). However today a coordinated
continuous world wide measurement of this ionization rate is still missing and computing
codes have to be used to quantify it. The paper by Usoskin et al. (this volume) presents new
achievements in cosmic ray induced ionization modeling, that have been obtained during this
COST action.

Secondary albedo particles refer to shower secondaries produced at high altitude that es-
cape the atmosphere upward. Albedo particles are an important source of space radiation
at low altitude. Protons produced by the decay of albedo neutrons close to the Earth may be
trapped in the Earth’s magnetic field. This so called cosmic ray albedo neutron (CRAND) pro-
cess represents the major source of the inner radiation belt proton. Energetic albedo protons
can be shortly trapped in the magnetic field of the Earth before re-entering into the atmo-
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sphere. These particles also known as sub-cutoff particles were observed for the first time by
the AMS experiment (Alcaraz et al., 2000c).

2.5 Particle transport in the radiation belts

A very dangerous source of radiation in near-Earth space is constituted by the radiation belts.
The radiation belts are ions (mainly protons) and electrons in an energy range from roughly a
few tens of keV up to hundreds of MeV (10 MeV for electrons) trapped in the magnetosphere
between an altitude of roughly 200 km and 7 rE.

The mean motion of radiation belt particles is characterized by a very rapid gyration
around magnetic field lines, a slower bouncing of the gyration center along magnetic field
lines between the northern and southern mirror points, and finally a very slow drift motion
around the Earth (Roederer, 1970). The bouncing and drift motion of the gyration center
make that particles in a static magnetic field move on so-called magnetic shells surrounding
the Earth.

The gyration, bounce and drift motion are each quantified by a an adiabatic invariant
that remains constant in time as far as the magnetic field varies slower than their typical
time scales. The dynamics of the radiation belt is modeled by the Fokker-Plank diffusion
equation in the adiabatic invariant phase space, where radial, pitch angle and energy diffusion,
energy loss by friction with the atmosphere and the plasmasphere, and particle sources are
considered (Shultz and Lanzerotti, 1974; Bourdarie et al., 1996). Radial diffusion represents
the diffusion of the particles across the magnetic shells and is caused by variations of the
magnetic field and electric field on a time scale shorter than the drift period (e.g., ULF waves,
variation of the large scale convection electric field). Pitch angle diffusion spreads and mixes
the particle mirror point distribution along magnetic field lines. It is produced by particle
wave interactions and coulomb collision with the atmosphere. It is generally invoked as a loss
process as it is the source of precipitation of the particles in the atmosphere, but can be also
the source of particle acceleration. Indeed pitch angle and energy diffusion by whistler waves,
combined with radial diffusion seems to be the most promising mechanism to explain the
acceleration of electrons during magnetic storms inside the magnetosphere (Varotsou et al.,
2005; Horne et al., 2005). For a more detailed description of the radiation belt dynamics and
modeling we refer to the specific paper of Horne and Boscher (this volume).

3 Conclusion

A short description of physical processes governing the dynamics of the earth’s radiation envi-
ronment was given. The review is not a comprehensive one but will give necessary background
information for the upcoming specific papers of this report.
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Summary. The first part of the paper provides a short review of earlier observations of high energy
neutrons and gamma rays from the Sun on satellites and on the ground, with a special emphasis on the
contributions of Institute of Experimental Physics, Slovak Academy of Sciences, Kosice, to the topic.
The second part of the paper illustrates measurements of solar gamma rays and neutrons on the Russian
CORONAS-F satellite from August 2001 to December 2005. High energy neutral emissions from the
Sun for three of solar flares, namely August 25, 2001, October 28, 2003, and November 4, 2003, are
discussed in detail.

1 Introduction: Short survey of earlier observations and of IEP SAS
contribution to the study.

The first detection of solar neutron signal at Earth’s orbit, proposed in the paper by Bierman et
al. (1953), was done on June 21, 1980 (Chupp, 1982b). Before that the presence of neutrons
at the sites of solar flares was reported by the observation of 2.23 MeV neutron capture γ-
ray line (Chupp et al., 1973). Basic considerations about the production of solar neutrons are
reported, for example, by Lingenfelter and Ramaty (1967).

Gamma- and hard X-rays from the Sun were measured earlier on satellites such as OSO-7,
SMM, CGRO, YOHKOH, GAMMA, GRANAT, and others (e.g., Chupp et al., 1982, 1987,
1993, 2003, and references therein). The hard electromagnetic spectral range has been ob-
served also by satellites RHESSI (Lin et al., 2002; Smith et al., 2002, and others), INTEGRAL
and, until December 2005, by CORONAS-F.

The efforts of several groups in the seventies to nineties of the 20th century were devoted
to experimental studies of solar neutron response near Earth. One of such groups was the
Department of Space Physics in Institute of Experimental Physics, Slovak Academy of Sci-
ences (IEP SAS), Košice, Slovakia, engaged in the ground based observations of cosmic rays
with the neutron monitor (NM) at Lomnický Štı́t (LŠ) as well as in satellite observations of
energetic particles. Measurements started from a balloon experiment (Dubinský et al., 1977)
and continued on the low-altitude polar orbiting satellite IK-17. Pulse shape discrimination
technique in separating neutrons and γ-rays (Michaeli, 1983; Gusev et al., 1989) was used.
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The detector system has been described by Efimov et al. (1983b). Although no solar neutrons
were observed during the IK-17 mission, the study contributed to the description of latitudinal
profile of albedo neutron and γ-ray flux in energy range 1–30 MeV at 500 km (Efimov et al.,
1985).

CORONAS-I satellite, launched in Russia in March 1994, continued the measurements
with similar instrumentation. One of the detectors on-board was SOlar Neutron and Gamma
(SONG) experiment, described in paper (Baláž et al., 1994), a joint effort of Skobeltsyn In-
stitute of Nuclear Physics, Moscow State University (SINP MSU) and IEP SAS. The detector
was a CsI(Tl) crystal with anticoincidence shielding. Gamma-rays at 0.1–100 MeV and neu-
trons at 1–60 MeV have been detected. Detailed maps of γ-ray flux at different energies were
obtained, and two components, (1) that due to interactions of primary cosmic rays with resid-
ual atmosphere and (2) that due to bremsstrahlung by high energy magnetospheric electrons,
were identified (Bučı́k et al., 2000; Bučı́k, 2004).

In parallel, observations at ground-level, especially those by high-mountain NMs were
checked for high-energy solar neutron response. One of those is at LŠ (2634 m, 49.40◦N
and 20.22◦E, vertical cutoff rigidity Rc ∼ 4 GV, measurements started during the IGY in
1957–1958; average counting rate now is 440 s−1). Review of solar flare responses at that
NM is in papers by Kudela et al. (1993) and Kudela and Storini (2002). On June 3, 1982,
the gamma ray spectrometer on SMM recorded an extremely intense γ-ray line flare with the
onset at ∼11:40 UT with the counting rates at the high energy channels remained high, which
is characteristic for a flux of high energy solar neutrons at the satellite (Chupp, 1982a, personal
communication). LŠ was in a proper position to observe solar neutrons from that flare and the
result was positive. A ∼3-% increase was observed at 11:45–11:50 UT, corresponding to the
arrival time of ∼1 GeV – ∼100 MeV neutrons. The estimate was ∼4000 counts from solar
neutrons, corresponding to a fluence of ∼200 cm−2 at the top of atmosphere. This number
was consistent with the ratio of neutron to 2.23-MeV γ-ray emission (Chupp, 1982b; Chupp
et al., 1982) if characteristic rigidity of accelerated particles is P0 ∼ 200− 250 MV (Efimov
et al., 1983a). The solar neutron response, observed for the first time at the surface of Earth,
was reported from NM at Jungfraujoch with 1-minute time resolution (Debrunner et al., 1983).
Although LŠ NM had at that time only 5 min resolution, its measurement (883 g cm−2, excess
2.7± 0.3 % in 1145–1150 UT) confirmed clearly, with high statistical accuracy, the increase
at Jungfraujoch (745 g cm−2, excess 3.9 ± 0.6 %). The increase from the same event was
reported in the data of the Rome NM (Iucci et al., 1984). Protons produced by the decay of
solar neutrons were discovered from the same flare also in satellite measurements (Evenson
et al., 1983).

The efforts to increase the counting rate and to improve temporal resolution of existing
NMs, as well as to develop new devices for the high mountain stations, were motivated by
the event of June 3, 1982. Search of candidates of solar neutrons in LŠ data was performed
(Kudela, 1990). Based on the list by Vestrand et al. (1987) and selecting the events with the
depth <1020 g cm−2, the superposed epoch analysis has indicated a possibility of anisotropic
solar neutron production. Data of two NMs, namely Alma Ata and LŠ examined for the period
1980–1984 around the emissions of solar γ-rays have shown that the distribution of counting
rates during the time of solar γ-ray emissions is significantly different from those before and
after the flare for both stations (Belov et al., 1987).
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2 SONG experiment on-board CORONAS-F satellite

CORONAS-F satellite was launched on July 31, 2001, in Russia, into a circular orbit with
altitude 507±21 km, 82.5◦ inclination and an orbital period of 94.5 min. It was oriented
towards the Sun. One of the instruments of a complex SKL (or SCR, Solar Cosmic Rays,
PI S.N. Kuznetsov) coordinated by MSU is SONG, an improved version of SONG on-board
CORONAS-I (description given by Kuznetsov et al., 1995). It is a joint instrument of SINP
MSU and IEP SAS. Detector system consists of CsI(Tl) in active plastic shielding. SONG is
able to detect hard X-rays and γ-rays at 0.03–200 MeV (12 energy channels, effective area
∼270 cm2); neutrons at 3–100 MeV (effective area ∼38 cm2); electrons at 8–100 MeV (5
energy channels, effective area ∼620 cm2), and two channels measuring high-energy charged
particles (first one responding to >75 MeV protons and >55 MeV electrons; the second one
to 100–200 MeV protons). The instrument was operating from August 2001 until December
2005. More details about the SONG can be found in papers by Kuznetsov et al. (2003a,b,
2004).

SONG is capable of observing hard X-rays and γ-rays of solar origin when the satellite is
outside the radiation belts or not shadowed by Earth. The background is due to local γ-rays
produced by the interactions of CR either with the instrument, with the satellite body, or with
the atmosphere. The increases due to bremsstrahlung by relativistic electrons of the radiation
belts are discarded from the flare emission analysis. Review plots, i.e., light curves of the
counting rates of different energy channels, are available at http://space.saske.sk/projects/
songm/data.php?lang=1.

3 Solar flare measurements by SONG on CORONAS-F

SONG instrument on-board CORONAS-F observed several tens of hard X-ray events during
solar flares. Table 1 shows a selection of these events with significant increases at >6 MeV.

Table 1. Solar γ-ray flares detected by SONG (CORONAS-F) from August, 2001, to September, 2005.

# Date
UT of flare,
SXR/GOES

SXR
class/
GOES

Flare
coords.

AR
UT of flare,
HXR/SONG

Emax
?

[MeV]

γ-ray†

fluence
[m−2]

1 25/08/01 16:23 – 16:45 – 17:04 X5.3 S17E34 9591 16:29 – 16:39 60–100 7150
2 11/12/01 07:58 – 08:14 – 08:08 X2.8 N16E41 9733 08:04 – 08:08 7–15 78
3 20/05/02 15:21 – 15:27 – 15:31 X2.1 S21E65 9961 15:25 – 15:29 7.7–16.5 87
4 28/10/03 09:51 – 11:10 – 11:24 X17.2 S16E08 0486 11:02 – 11:13 150–300 ¿9200
5 29/10/03 20:37 – 20:49 – 21:01 X10.0 S15W02 0486 20:40 – 20:55 6–10 1270
6 04/11/03 19:29 – 19:53 – 20:06 X28 S19W83 0486 19:40 – 19:57 150–300 ¿8100
7 20/01/05 06:36 – 07:01 – 07:26 X7.1 N14W61 0720 06:44 – 06:56 90–150 3620

? SONG Energy channel.
† Energy > 500 keV.
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Fig. 1. Flux of gamma rays
at various energy channels
observed by SONG on-board
CORONAS-F during the solar
flare on August 25, 2001. The
ticks on the horizontal axis
correspond to 1-min intervals.

3.1 Event on August 25, 2001

A uniquely strong emission of solar γ-rays up to very high energies was observed on August
25, 2001 (Kuznetsov et al., 2003c). The parent solar flare is of the importance X5.3 and ball
3’ in the active region NOAA 9591, coordinates S17◦ E34◦ at 16:23 UT. The index of the
power-law energy spectrum at the time of maximum flux is estimated as −2.8 ± 0.1. The
event was identified as the event with the highest energy emission of γ-rays, and a clear signal
in neutron channels was detected in coincidence with the ground based observations by neu-
tron monitor in proper local time (Watanabe et al., 2003). Gamma-rays up to >60 MeV were
observed well above the background (see Fig. 1). Since it was before the launch of RHESSI
it is impossible to compare the fluxes with another experiment. The event is not accompanied
by any significant charged particle flux. It is not in the NOAA list of Solar Proton Events
(http://umbra.nascom.nasa.gov/SEP/seps.html). There are no energetic proton or elec-
tron enhancements in polar caps detected by the MKL instrument on board CORONAS-F.
The event is listed at http://www.harvard.edu/SSXG/kathy/flares/xflares.html as well as
at http://isass1.solar.isas.ac.jp/sxt co/sxt trace flares/list.html among flares jointly ob-
served by SXT and TRACE, as an X5.4 flare, with the times of the first and the last flare
mode SXT images. The latter one coincides with the observed very hard gamma emission by
SONG-M. Note that nominal threshold energies of the energy channels are indicated in Table
1. (There was some evolution of the energy thresholds during the flight of SONG instrument.)

3.2 Event on October 28, 2003

In late October and early November 2003, SONG on-board CORONAS-F observed several X-
ray and γ-ray events. The time history of the high-energy emission from the flare on October
28 is plotted in Figure 2. The parent solar flare is of the importance X17.2 and ball 4B,
coordinates S16◦ E08◦. During this solar flare, the increase above the background in the
energy channel 60–100 MeV, is apparent.

There are several different spectral episodes observed during this flare. Gros et al. (2004)
and Kiener et al. (2006) present results of γ-ray measurement from the flare, as observed by
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Fig. 2. Counting rate of gamma rays at various energy channels by SONG during the solar flare on
October 28, 2003. The units of the vertical axes are #/(cm2 s MeV). The effective surface of the detector
is taken as 270 cm2. The arrows depict time intervals with different energy spectra.

the INTEGRAL satellite. The RHESSI satellite measurements from the flare are presented,
e.g., by Share et al. (2004). Acceleration of protons from this flare to unusually high energies
is reported by Nonaka et al. (2006). Connection of broadband coherent synchrotron radiation
in THz range, produced by a beam of ultrarelativistic flare electrons, with the observations of
hard X-rays and γ-rays observed from the flare is discussed recently by Kaufmann and Raulin
(2006). The time interval between the first two arrows in Figure 2, namely between 520 and
550 s from 10:54:00 UT, indicates the flux increases below 40 MeV. In this interval the first
high-energy photon component thus, appears to have energies up to 40 MeV.

Gros et al. (2004) show the first impulse during the same time in continuum up to 10 MeV.
CORONAS-F extends the energy of that emission up to 40 MeV. The third arrow (∼620 s)
depicts the maximum seen on CORONAS-F in 1.3–4 MeV, less pronounced in 4–7 MeV
energy band and only slightly in 7–15 MeV. This is consistent with INTEGRAL profile of the
continuum observed up to 10 MeV. While during the first interval (between arrows 1 and 2)
there was no indication about high-energy continuum from π0 decay, it appears with the onset
∼620 s on SONG. Most probably accelerated protons at ∼620–650 s produced π0 mesons in
nuclear interactions and, subsequently via their decay, the continuum of γ-quanta extending to
higher energies than in the first interval (520–550 s). Most probably the variation of the spectra



132 Kudela and Kuznetsov

Fig. 3. 1-minute NM data at LŠ. 100% corresponds to 1.745 · 106 counts per hour. The onset is at
11:15 UT. Located in the southern hemisphere on approximately the same meridian, Tsumeb NM, with
vertical cut-off of 9.2 GV, observes the onset earlier, at 11:04 UT with a 5 % peak increase (Stoker,
2005, personal communication). While Tsumeb had a zenith distance of 11◦ for that period, LŠ had a
much larger distance, 51◦.

Fig. 4. SONG on CORONAS-F
observed an increase of neutron
channels 15–100 MeV above the
background starting from ∼11:04
UT on October 28, 2003. The time
coincidences with the onset on
Tsumeb station (Fig. by Watanabe et
al., 2006).

is due to two separate effects, (i) proton (or ion) acceleration to high energies and consequent
pion decay and de-excitation of nuclei producing gamma ray lines, (ii) electron acceleration
with consequent bremsstrahlung. A slight tendency of hardening of the spectra after 11:07
UT, consistent with RHESSI (Share and Murphy, 2005), is seen below 7 MeV. Above 7 MeV,
a more complicated evolution of the spectra is apparent with two episodes of softening of
the high-energy continuum spectra, namely at ∼520 s and 550 s after 10:54 UT. The spectral
slope with a value close to −2 reported by RHESSI measurements at lower energies (0.46–
8 MeV) is, within errors, consistent with the spectral shape obtained by CORONAS-F after
11:08 UT at energies above 7 MeV and also, within errors, with the shape at 1.3–4 MeV.
Particles accelerated to relativistic energies produced the ground level event in cosmic rays,
seen at several NMs. The increase on LŠ implies particle acceleration to at least 4 GV (Figure
3) and production of high energy γ-rays due to pion decay.

More discussion on the event can be found, e.g., in papers by Bieber et al. (2005), Mirosh-
nichenko et al. (2005), and Watanabe et al. (2006).



High energy solar neutron and γ-ray emissions 133

Fig. 5. The increases of high-energy γ-ray channel (left) and the neutron channel (right) of SONG
(proton recoil, energy deposite 15–100 MeV) during the solar flare on November 4, 2003. The effective
area for γ-ray channel 60–100 MeV is ∼60 cm2.

3.3 Event on November 4, 2003

According to Watanabe et al. (2006), the largest flux of high energy neutrons from the flares
in 23rd solar cycle was observed on November 4, 2003. SONG on CORONAS-F observed a
γ-ray increase at least up to 60–100 MeV above the background. The neutron signal was also
seen quite clearly by SONG. It is apparent from Figure 5. There is also possible signature
of high energy neutrons in the Earth orbit from that flare, as deduced from a comparison of
measurements of two NMs in different local-time sectors, namely those in Mexico (Valdes-
Galicia, 2006, personal comminucation) and LŠ. The increase is observed after 19:45 UT at
Mexico NM (vertical cut-off ∼9 GV), while at LŠ, with a lower geomagnetic cutoff (4 GV),
the increase is not apparent.

4 Summary

The SONG instrument on-board CORONAS-F observed γ-ray emission at >6 MeV in at
least 7 solar flares from August 2001 until September 2005. The most intensive flares in γ-
rays were observed on August 25, 2001; October 28 and November 4, 2003; and January 20,
2005, which is discussed also elsewhere (Kuznetsov et al., 2006a,b). In these events, the γ-
ray emission is seen to extend at least up to 60 MeV, and neutron channels at 15–100 MeV
indicate increases as well. The flare of October 28, 2003, is characterized by time-variable
energy spectra of γ-rays. Variations below 15 MeV are qualitatively consistent with those
obtained by RHESSI and by INTEGRAL. Thus, SONG measurements extend the description
of spectra to high energies, up to 100 MeV. At high energies, two episodes were observed
with the softening of the spectrum of continuum emission not accompanied by a change at
lower energies. Protons up to a rigidity of at least 4 GV were produced. Increases on neutron
channels of SONG during the three events are accompanied by simultaneous NM increases in
favourable local-time sectors, providing another confirmation of solar neutron events reported
by Watanabe et al. (2005).



134 Kudela and Kuznetsov

Measurements of solar neutrons closer to the Sun are a subject of discussion since the first
observation of solar neutron signal at Earth from solar flare on June 3, 1982. In addition to
space-probe and satellite observations, continuous measurements on the ground, especially at
high mountains, are important for understanding the solar neutron spectra at high energies. A
novel solar neutron detector described in papers by Tsuchiya et al. (2001) and Flückiger et al.
(2001) is capable of measuring energy of incident neutrons and their arrival direction. During
the solar cycle 23, sixteen remarkable solar neutron events were observed by the worldwide
network of solar neutron telescopes and NMs (Flückiger et al., 2005). Relatively strong signals
from solar neutrons were observed by solar neutron telescopes on October 28, and November
4, 2003 (Watanabe et al., 2006). Also the new ground based detectors, as described recently,
e.g., by Chilingarian et al. (2007), may improve the knowledge about solar neutron production
near the Sun.
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Summary. Over the last two decades models of the Earth’s magnetospheric magnetic field have been
continuously improved to describe more precisely the different magnetospheric current systems (mag-
netopause current, symmetric and partial ring currents, tail currents and field aligned currents). In this
paper we compare the different Tsyganenko models (Tsyganenko, 1989, 1995, 1996; Tsyganenko and
Stinov, 2005) and the Alexeev A2000 model (Alexeev at al., 1996; Alexeev and Feldstein, 2001) in the
context of cosmic ray physics. We compare the vertical cutoff rigidity and asymptotic direction of verti-
cal incidence obtained with these models for the January 20, 2005 ground level enhancement and for the
big magnetic storm of April 6, 2000. For the GLE of January 20, 2005, we study the impact of the dif-
ferences in asymptotic direction obtained with the models on the radiation dose computation at aircraft
altitude. For the magnetic storm of April 6, 2000, we discuss the importance of the different magneto-
spheric current systems in causing cutoff rigidity variations. Finally we summarise the advantages and
drawbacks of the different models in the context of space weather.

1 Introduction

In most of the studies of the interaction of cosmic rays (CR) with the Earth’s environment the
effective vertical cutoff rigidity Rc at a given position is taken as the lower rigidity limit in
the spectrum of CR particles reaching this position (Cooke et al., 1991; Smart et al., 2000).
Asymptotic directions of vertical incidence are used in analysis of the relative variation of
neutron monitor (NM) count rates for deducing the spectrum and pitch angle distribution of
solar particles above 1 GV rigidity during ground level enhancements (GLEs), and for study-
ing the anisotropy and flux variation of CR close to the Earth during Forbush effects. A good
estimation of the cutoff rigidity and asymptotic direction in function of position, time, and
geomagnetic activity is therefore important in the context of space weather. These quantities
are computed by numerical integration of backward trajectories in a model of the geomag-
netic field combining an internal part, usually represented by the International Geomagnetic
Reference Field (IGRF) model (Langel, 1991), and a magnetospheric magnetic field model.
During the last decades the magnetospheric magnetic field models have continuously evolved
to describe more precisely the different magnetospheric current systems. While the model
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developed by Tsyganenko (1989) provides six static mean states of the magnetosphere in
function of the geomagnetic activity index Kp and considers only the symmetric ring current,
the magnetopause current, and the tail current, the last generation of models developed by
Alexeev and Feldstein (2001) and Tsyganenko and Stinov (2005) take into account also the
partial ring current and the field aligned currents. Moreover the magnetopause currents are
more precisely modeled as the field produced by the internal magnetospheric current systems
is shielded in a magnetopause surface with its size and its shape being function of the solar
wind conditions close to the Earth. Another improvement of these new models is that the am-
plitude, position and shape of the different magnetospheric currents are function of solar wind
parameters and geomagnetic indices, and take also into account the prehistory of the coupling
of the magnetosphere with the solar wind.

In this paper we compare the differences obtained in the computation of Rc and asymp-
totic direction when using the Tsyganenko (1989) model, the ring current extension of this
model by Boberg et al. (1995), the Tsyganenko (1996) model, the Tsyganenko and Stinov
(2005) model, and the Alexeev and Feldstein (2001) model. In the following of this paper
we refer to these different models as the TSY89, TSY89BOB, TSY96, TSY05, and A2000
models respectively. In section 2 we present the effect of the difference in asymptotic direc-
tion of incidence on radiation dose computations for the January 20, 2005 GLE as well as the
difference in Rc. In section 3 we compare the variation of Rc during the big magnetic storm
of April 6, 2000, discuss the importance of the different current systems on this variation,
and show the changes in asymptotic direction of incidence. In the last section we conclude
and summarise the advantages and drawbacks of the different models in the context of space
weather.

2 The ground level enhancement of January 20, 2005

We have investigated the level of variability that is to be expected in computation of radiation
dose at aircraft altitude during GLEs when different magnetic field models are used for com-
puting the asymptotic directions of vertical incidence. For this purpose we have computed the
effective dose in the Earth’s atmosphere induced by solar protons and galactic cosmic rays
at 06:55 UT during the January 20, 2005 GLE. At this time the geomagnetic activity was
relatively quiet (kp=2+). To describe the solar proton population above 1GV outside the mag-
netosphere we have considered the proton spectrum and the angular distribution computed
from NM observations by Bütikofer et al. (2007). The obtained solar spectrum was highly
anisotropic at this time. We have computed the flux of solar protons and galactic cosmic rays
at the top of the atmosphere for a 5x5 degree world grid. The flux of solar protons at the top of
the atmosphere was obtained from the flux outside the magnetosphere by computing asymp-
totic vertical directions of incidence. For the flux of galactic cosmic rays we have considered
the model of Castagnoli and Lal (1980) with a solar modulation parameter of 700 MV. By
using the PLANETOCOSMICS code we have computed for the whole grid, the flux of sec-
ondary particles at different atmospheric depth resulting from the interaction of the solar and
galactic CRs with the Earth’s atmosphere (Desorgher et al., 2005; Desorgher, 2005). Effective
dose rates have been computed from particle fluxes by using flux to dose conversion factors
published by Pelliccioni (2000).
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Effective dose at 300 g/cm2 at 6:55 UT on January 20th, 2005
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Fig. 1. The top panel represents the computed world map of radiation dose at 300 g/cm2 induced by
solar and galactic cosmic rays at 06:55 UT during the GLE of January 20, 2005. For these results the
asymptotic directions of vertical incidence used for computing the flux of solar particles at the top of the
atmosphere have been obtained by using the TSY89 model. The lower left panel represents the variation
of the computed effective dose at 300 g/cm2 for 77.5o south latitude in function of longitude obtained
by considering the TSY89 (black), TSY96 (red), TSY05 (green), and A2000 (blue) models. In the lower
right panel, the pitch angle of the asymptotic direction of vertical incidence for the 77.5o south latitude
and 100o east longitude position obtained with the same models is plotted in function of rigidity.

The upper panel of Figure 1 represents the computed radiation dose at 300 g/cm2 at-
mospheric depth obtained by using the TSY89 model for the computation of the asymptotic
direction of vertical incidence. We can see that the increase in the computed dose rate due
to solar CRs is strongly dependent on location and can be larger by two order of magnitudes
compared to the dose produced by galactic CRs in a very localised region around 70o S and
140o E. Some bands of increased dose are also obtained at high latitude both in north and
south hemispheres. This is a direct consequence of the high anisotropy of the solar particles
at this specific time.

While the general pattern of the dose maps obtained by considering different magnetic
field models is similar (not shown here), significant local differences are observed. This is
illustrated in the lower left panel of Figure 1 where we plot the variation with longitude at



140 Desorgher et al.

77.5o latitude south of the computed dose obtained with the TSY89 (black curve), TSY96
(red), TSY05 (green), and A2000 (blue) models. We see that the effective dose curves corre-
sponding to the different magnetic field models reach comparable maxima around 120−140o

east longitude but are significantly shifted in the 0 − 120o east longitude range. At 100o east
longitude the effective dose obtained with the TSY89 model is smaller by roughly an order
of magnitude compared to other models. This difference reflects the difference between the
pitch angles of computed asymptotic directions plotted in the lower right panel in function of
rigidity for the 77.5o south and 100o east position.

We have also investigated the difference inRc obtained with the various models. In Figure
2 Rc is plotted for the TSY89, TSY96, TSY05, and A2000 models in function of longitude
for 77.5o south and 47.5o north latitudes. At mid latitude ( 47.5oN ) the differences in Rc are
small, while at high latitude ( 77.5oS) significant differences are observed. These differences
have a small impact on the dose computation presented here.
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Fig. 2. Variation with longitude of Rc at 77.5o south (left), and 47.5o north (right) latitudes, at 6 UT on
January 20, 2005 as obtained with the TSY89 (solid line), TSY96 (dotted line ), TSY05 (dashed line)
and A2000 (dashed dotted line) models.

3 The big magnetic storm of April 6, 2000

On April 4, 2000, a coronal mass ejection took place close to the western limb of the Sun
and hits the Earth’s magnetosphere on April 6 (Huttunen et al., 2002). It produced a big
magnetic storm during which Dst reached a minimum value of -310 nT. We have computed
the variation of Rc at Jungfraujoch and Lomnický Štı́t during this magnetic storm, using the
TSY05, TSY89, TSY89BOB and TSY96 models. In this case the A2000 model has not been
considered. By using NM response functions computed by Debrunner et al. (1982) and taking
into account a realistic flux of galactic CRs outside the magnetosphere for this period, we
have also computed the relative variation of the NM count rates induced by the change of the
cutoff rigidity during the storm.
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Fig. 3. a) Variation of the Dst index during the big magnetic storm of April 6, 2000. b) Variation for
the same period of Rc at Jungfraujoch computed by using the TSY05 (solid), TSY96 (dotted), TSY89
(dashed), and TSY89BOB (dashed dotted) models. c) The bold lines represent the variation of NM
count rates at Jungfraujoch estimated from the variation of Rc presented in b). The thin line represents
the observed count rate variation. d) Same as b) but for Lomický Štı́t. e) Same as c) but for Lomnický
Štı́t. For details see the text.

The results of our computations are presented in Figure 3. The panel a) represents the
variation of the Dst index during the magnetic storm. The panels b) represents the variation of
Rc for the same period computed by using the TSY05 (solid bold line), TSY96 (dotted line),
TSY89 (dashed), and TSY89BOB (dashed dotted) models. The bold lines in panel c) repre-
sents the relative variation of NM count rates computed from the variation of Rc presented
in the panel b). The thin solid line in the panel c) represents the observed relative variation
of NM count rates. In the panels d) and e) the same information are plotted than in panel b)
and c) but for Lomnický Štı́t. We see that the TSY05 and TSY89BOB models show the same
magnitude of variation in Rc with some shift in time at both stations and reproduce quite
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well the observed NM count rates increase at Jungfraujoch during the main phase of the mag-
netic storm, while they overestimate it at Lomnický Štı́t. The variation of Rc obtained with
the TSY96 model is much bigger than with the other models leading to an overestimation of
the count rate variation for both cases. The variation of the cutoff obtained with the TSY89
model is smaller than with other models, and does not follow the Dst variation. This is logical
as the TSY89 model is only parametrised by the Kp index while the other models take into
account the continuous variation of the Dst index. Despite this the maximum of NM count
rates increase observed at Lomnický Štı́t is quite well reproduced.

Fig. 4. Effect of the different magnetospheric current systems on the variation of the upper vertical cutoff
rigidity during the magnetic storm of April 6, 2000, as simulated with the TSY05 model. For details see
the text.

One aim of the computation presented above is to check if NM count rate variations during
magnetic storms could be explained by computed cutoff changes and therefore be used to
validate the magnetic field models. Recently Kudela et al. (2007) studied the variation of
the magnetospheric transmitivity for low rigidity particles during different magnetic storms
and discussed the possibility to use NM and muon telescope measurements for validating the
magnetospheric magnetic field models. As mentioned in their study, this validation procedure
should take into account the flux decrease and anisotropy increase of galactic CR outside the
magnetosphere during magnetic storms. This has not been the case for our present analysis
and the addition of this effect is foreseen in the future. However based on our first analysis we
can say that the most realistic variation of the computed relative variation of NM count rates
is produced by the TSY05 and TSY89BOB models. The TSY96 model can be clearly rejected
as it overestimates the change inRc. This is not surprising as the TSY96 model was developed
to represent the magnetosphere for quite to moderate Dst activity. Indeed the TSY96 model



Cosmic rays in Earth’s magnetic field 143

takes into account a linear variation of the ring current amplitude with Dst which is not valid
in the case of intense storms.

We have also investigated the influence of the different magnetospheric currents in the
variation of the cutoff rigidity during the April 6, 2000 magnetic storm. For this purpose
we have used the TSY05 model as it allows to fix separately the strength of the symmetric
ring current (SRC), of the partial ring current, of the Birkeland 1 and 2 currents, and of two
different tail current systems (tail1, tail2). The amplitude of each current system has to be
computed externally by the user from the prehistory of solar wind parameters, geomagnetic
indices and combined indexes characterising the solar wind magnetosphere coupling. For our
study we have considered that the amplitudes of the current systems before the storm at 12:00
UT on April 6, 2000 represent their quiet states while their amplitude obtained at 01:00 UT on
April 7 defined their active states. We have then computed the variation of the cutoff rigidity in
function of local time for Jungfraujoch in the case where each current system is set separately
in its active state keeping the others in their quiet state. The differences obtained in upper
vertical cutoff rigidity Ru (Smart et al., 2000), compared to the situation where all currents
are quiet are plotted for each current system in Figure 4. We focus here on the changes in Ru

rather than on the changes in Rc while the general effect of the current systems on the cutoff
rigidity is somehow masked in Rc by the complex changes in the penumbra region. The top
left panel shows the changes inRu induced by the symmetric ring current (dashed) and partial
ring current (solid). The second panels show the cutoff changes induced by the Birkeland 1
(dashed) and 2 (solid) current systems. The third panel shows the effect of the tail 1 (dashed)
and tail 2 (dashed) current systems. We see that not only the symmetric ring current have a
significant effect on the cutoff changes but also the partial ring current, Birkeland and tail
currents. The azimuthal asymmetry of the current systems produces a significant local time
variation of the changes in cutoff rigidity. These results are in agreement with previous studies
of Flückiger et al. (1981, 1990). In the lower right panel the solid line represents the cutoff
changes obtained when all the currents are set in their active state while the dashed line is the
sum of the cutoff changes induced by the different currents. In this particular case the effect
of the different current systems on the cutoff changes is additive. This is agreement with the
study of Flückiger et al. (1986) who have found a relation of proportionality between the
change in cutoff rigidity at low and mid latitude and the changes in the equatorial magnetic
field in the vicinity of the position considered.

Finally we have studied the discrepancies between the magnetospheric models in term of
asymptotic direction of vertical incidence at polar neutron monitor stations during the April 6,
2000 magnetic storm. In Figure 5 we present the differences between the asymptotic direction
of vertical incidence obtained with the TSY05 and TSY89BOB models before the storm (thin
solid line) and when Dst is minimum (thick solid line) for Barentsburg (upper left), Thule
(upper right), McMurdo (lower left) and South Pole (lower right). We see that the differences
in asymptotic direction increase significantly during the magnetic storm.

4 Conclusion and discussion

We have analysed the differences obtained in cutoff rigidity and asymptotic direction of ver-
tical incidence by using different models of the Earth’s magnetospheric magnetic field. We
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Fig. 5. Angular differences in asymptotic direction of incidence obtained with the TSY05 and
TSY89BOB model, before the storm of April 6 2000 (thin solid line) and when the minimum of Dst
was reached (bold solid line) for Barensburg (upper left), Thule (upper right), McMurdo (lower left) and
South Pole (lower right) stations.

have found that for the GLE of January 20, 2005, at 06:55 UT the differences in asymptotic
direction induce local differences in the radiation dose, but that the general patterns of the
dose maps are identical. These local differences are significant for this specific case because
the flux of solar particles in the vicinity of the Earth was highly anisotropic at this time. We
have also shown that the differences in cutoff rigidity during January 20, 2005, between dif-
ferent magnetic field models are only significant at high latitude. We have shown that for the
big magnetic storm of April 6, 2006 important differences in cutoff changes at Jungfraujoch
and Lomnický Štı́t are obtained between the models. In order to validate the magnetic field
models we have computed the relative variation of NM count rate resulting frome these cut-
off changes and compared them to observations. From this comparison we can say that the
TSY05 and TSY89BOB models show the best comparison with the observed NM count rate
variations. However as the perturbation of the CR flux outside the magnetsophere has been
neglected in our study some caution should be taken about this conclusion. In the future we
plan to take this effect into account. We have also studied the separate effect of each magne-
tospheric current system during the same storm and have shown that not only the symmetric
ring current but also the partial, Birkeland and tail currents have an important contribution to
the cutoff changes. The azimuthal asymmetry of these current systems increase significantly
the local time variation of the cutoff rigidity. We have shown that the effect of each separate
current system can be added to roughly reproduce the total cutoff variation. This is of potential
use for space weather applications, as this property could be used for a rapid estimation of the
change of cutoff rigidity during magnetic storm. In this context we think that the procedure
developed by Flückiger et al. (1986) for a rapid estimate of the cutoff change during enhanced
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geomagnetic activity could be updated to the new generation model of the Earth’s magne-
tosphere. Finally we have shown that the discrepancy between the TSY05 and TSY89BOB
models in term of asymptotic direction of incidence is significant during big magnetic storms.

It is clear that the new generation of magnetospheric magnetic field models as the TSY05
and A2000 models allow a better investigation of the effect of the variation of magnetospheric
currents on cutoff rigidity and asymptotic direction during times with enhanced geomag-
netic activity. However these models have important drawbacks compared to the TSY89 and
TSY89BOB models. Trajectory computations with these new models take roughly 20 times
more computing time than with the TSY89 and TSy89BOB models. With todays personal
computers a 5x5 degree world grid of Rc can be computed in roughly 1-3 hours with the
TSY89 and TSY89BOB models, while for the TSY05 and A2000 1-3 days are needed. More-
over the TSY89 and TSYBOB89 models are much more easy to use than the other models
as they have only Kp and Dst as input parameters. In conclusion for quiet geomagnetic ac-
tivity we believe that the TSY89 and TSY89BOB are still valid for computing Rc and the
asymptotic direction of vertical incidence while for precise study of the effect of magneto-
spheric currents during magnetic storm the TSY05 and A2000 models should be used. Our
study have been focused only on cutoff rigidity and asymptotic direction changes on Earth. It
would be interesting to reproduce the same study for satellite orbits.
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Summary. A brief review of the research of atmospheric effects of cosmic rays is presented. Numerical
models are discussed, that are capable to compute the cosmic ray induced ionization at a given location
and time. Intercomparison of the models, as well as comparison with fragmentary direct measurements
of the atmospheric ionization, validates their applicability for the entire atmosphere and the whole range
of the solar activity level variations. The effect of sporadic solar energetic particle events is shown to be
limited on the global scale, even for for the most severe event, but can be very strong locally in polar
regions, affecting the physical-chemical properties of the upper atmosphere, especially at high altitudes.
Thus, a new methodology is presented to study cosmic ray induced ionization of the atmosphere in full
detail using realistic numerical models calibrated to direct observations.

1 Introduction

Cosmic rays (CR) form an important outer space factor affecting physics and chemistry of
the entire atmosphere. In particular, they are the main ionizing agent for the lower and middle
atmosphere. For many practical purposes, e.g., for the impact of cosmic rays on the ozone
layer and formation of clouds in the troposphere, it is important to know precisely the cosmic
ray induced ionization (CRII) and its variations with the location, time, solar and geomagnetic
activity. Two main components are important for CRII: (1) high energy galactic cosmic rays
that are always present in the vicinity of the Earth and are subject of the solar modulation and
(2) sporadic solar energetic particles of lower energy but high peak flux. The effect of both
components is quantitatively studied here. Balloon experiments have been used in the past
to measure the CRII at different locations and during several solar cycles (e.g., Neher, 1971;
Lowder et al., 1972; Rosen et al., 1985; Ermakov et al., 1997), but a coordinated continuous
world wide measurement of CRII is still missing. On the other hand, several physical models
have been developed recently to compute CRII in the full range of physical parameters. In the
framework of the COST-724 action, three numerical CRII models have been developed: Sofia
model (Velinov and Mateev, 2005), Bern model (Desorgher et al., 2005; Scherer et al., 2006),
and Oulu model (Usoskin et al., 2004; Usoskin and Kovaltsov, 2006). Here we present these
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Fig. 1. Measured and calculated ioniza-
tion rate in a high-latitude region dur-
ing a solar maximum (φ ≈ 1000 MV).
Symbols represent direct measurements
as denoted in the legend, while curves
correspond to the present calculations
using the Bern (dashed) and Oulu (solid)
models.

models, their validation and comparison with direct observations and other results. We also
discuss effects caused by solar and galactic CR in the atmosphere.

2 Cosmic Ray Induced Ionization in the atmosphere

2.1 Galactic Cosmic Rays

The ionization due to galactic cosmic rays (GCR) is always present in the atmosphere, and
it changes with the 11-year solar cycle due to the solar modulation. Primary cosmic rays
initiate a nucleonic-electromagnetic cascade in the atmosphere, with the main energy losses
at altitudes below 30 km resulting in ionization, dissociation and excitation of molecules (see,
e.g., Dorman, 2004). The details of the cosmic ray initiated cascade are discussed in (Vainio
et al., this volume). The CRII can be represented in numerical models in the following form:

Q(h, φ, Pc) =
∑

i

∫ ∞

Tc,i

Ji(T, φ) Yi(h, T ) dT , (1)

where the summation is performed over different i-th species of CR (protons, α−particles,
heavier species), Yi(h, T ) is the ionization yield function (the number of ion pairs produced
at altitude h in the atmosphere by one CR particle of the i-th type with kinetic energy T ).
The differential energy spectrum Ji(T, φ) of the i-th specie of GCR in space near Earth de-
pends on solar activity and is often parameterized via the modulation potential φ (see, e.g.,
Usoskin et al., 2005). Integration is performed above Tc,i, which is the kinetic energy of a
particle of i−th type, corresponding to the local geomagnetic rigidity cutoff Pc. Numerical
CRII models presented here are based on detailed computations of Yi(h, T ) by Monte-Carlo
simulations of the nucleonic-electromagnetic cascade initiated by cosmic rays in the atmo-
sphere. The Bern model (ATMOCOSMIC/PLANETOCOSMIC code - see Desorgher et al.,
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2005) is based on the GEANT-4 Monte-Carlo simulation package. The PLANETOCOSMIC
code is available at http://cosray.unibe.ch/∼laurent/planetocosmics/. The Oulu model is
based on the CORSIKA Monte-Carlo package extended by FLUKA package to simulate the
low-energy nuclear interactions, and explicitly accounting for direct ionization by primary CR
particles. A full numerical recipe along with the tabulated values of Y are given by Usoskin
and Kovaltsov (2006). The Sofia model includes an analytical approximation of the direct
ionization by CR primaries (Velinov et al., 2001) as well as CORSIKA/FLUKA Monte-Carlo
simulations (Velinov and Mishev, 2007). Fig. 1 shows comparison of the CRII simulation re-
sults for Bern and Oulu model with fragmentary direct balloon-borne measurements of the
ionization rate in a high latitude region (Pc <1.5 GV). Taking into account different location
and dates of individual measurements, the agreement between calculated and measured CRII
is pretty good (Scherer et al., 2006; Usoskin and Kovaltsov, 2006). Results of the simulations
agree with each other within 10%, which is mainly attributed to the different atmospheric
models used and, to a less extent, to different cross-section approximations in CORSIKA and
GEANT-4 packages. The results of the CORSIKA-based Sofia model are very close to those
of the Oulu model. Note that an analytical approximation model of CRII by O’Brien (2005)
also shows a reasonable agreement with the present models.

Equation 1 separates the temporal variability of the cosmic ray flux impinging on the Earth
(the J(T, φ) term) and local parameters (altitude and geomagnetic cutoff rigidity) via Y and
Pc. The CRII strongly depends on the altitude and geographical location, the latter via the
geomagnetic rigidity cutoff Pc. The CRII dependence on the solar modulation (φ) is relatively
weak (10–50%), but it is responsible for the observed temporal variations. Some examples of
the CRII at different altitudes and locations are shown in Fig. 2, while the lower panel of Fig. 4
depicts the geographical distribution of CRII for the atmospheric depth h = 300 g/cm2.

2.2 The effect of solar energetic particle events

In addition to the permanent flux of GCR, sporadic solar energetic particle (SEP) events oc-
cur sometimes when strong fluxes of energetic particles are produced in solar flares or CMEs.
Such SEPs (mostly protons) interacting with the Earth’s atmosphere can produce an important
increase of the atmosphere ionization (e.g. Schröter et al., 2006). Usually SEPs are acceler-
ated up to hundreds of MeV, and the corresponding increase of the ionization is observed only
at high altitude in the polar atmosphere. However, particles can be accelerated up to higher
energies (a few GeV) during strong events called GLE (Ground Level Enhancement of cos-
mic rays). Ionization effects due to GLEs can extend down to the lower altitude. Here we
quantitatively consider the ionization effect of a severe SEP/GLE event of 20/01/2005, which
was one of the strongest GLEs ever observed (nearly 5-fold increase of the ground-level CR
intensity at South Pole around 06:55-07:00 UT). We have computed the ionization of the
Earth’s atmosphere by SEPs at the peak of the event. We have considered the spectrum and
the angular distribution of solar protons outside the magnetosphere computed by Bütikofer
et al. (2006) from the neutron monitor network data. In contrast to GCR which impinge on
Earth nearly isotropically, SEP have an anisotropic spatial distribution, especially during the
main phase of the event, propagating mostly along the IMF line. An illustration of the method
to account for the anisotropic SEP propagation is shown in Fig. 3 for two high-latitude sites
on Earth, site I (57.5◦N 60◦W) and site II (67.5◦ S 140◦ E). The asymptotic directions, rep-
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Fig. 2. CRII as a function of the modulation potential φ for different locations and altitudes (computa-
tions by Usoskin and Kovaltsov, 2006). Lower curves with solid symbols and upper curves with open
symbols correspond to the atmospheric depths of 700 g/cm2 (about 3 km altitude) and 300 g/cm2 (about
9km), respectively. The results are shown for the geomagnetic pole (Pc=0), mid-latitude (Pc=5 GV,
about 40◦ geomagnetic latitude) and equator (Pc = 15 GV).

resenting the particle arrival directions outside the magnetosphere, depend on the paticle’s
rigidity and are computed using the backward trajectory technique (Smart et al., 2000) and
plotted in Fig. 3A. The geomagnetic field is described by a combination of the IGRF-2005
and Tsyganenko (1989) models. The main direction of the solar proton population outside the
magnetosphere, also called the apparent source, is shown in Fig. 3A by the asterisk, together
with the asymptotic directions corresponding to the pitch angles of 5◦, 20◦, 56◦ and 92◦. For
the peak time of this GLE the pitch angle distribution of the solar protons was very narrow
with the flux at 55◦ pitch angle being only 10% of the flux in the main direction (IMF). Know-
ing the asymptotic directions, the enrgy spectrum, and the angular distribution of SEPs outside
the magnetosphere, one can compute the flux of SEP at the top of the atmosphere as shown
in Fig. 3B. The GCR proton spectrum for this specific time is also plotted for comparison.
Because of the very narrow pitch-angle distribution of SEP in the peak phase of the event, the
flux at the site II in the south hemisphere is an order of magnitude higher than at the site I in
the northern hemisphere, since the former is close to the IMF direction (about 20◦). Using the
procedure described above we have computed the flux of SEP at the top of the atmosphere
globally in a 5◦x5◦ geographic grid. Next, the CRII over the globe was computed for the peak
of the SEP event of 20/01/2005 using the Bern model (see Sect. 2.1). The resulting CRII is
shown in Fig. 4 for the upper troposphere. The top panel represents the total ionization ac-
counting for both SEP and GCR fluxes, while in the bottom panel the ionization induced only
by GCR is plotted as reference. One can see that the increase in CRII due to solar cosmic rays
strongly depends on the location and, for this particular event, can be as great as a factor of
100 in a very localised region around 70◦S 140◦E. This is a direct consequence of the high
anisotropy of the solar particles at this specific time.

Thus, the ionization effect of SEP events is local and most important in the polar atmo-
sphere. The global effect of CRII solar particles is tiny, even for the most severe events.
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Fig. 3. Illustration of the method used for computing the solar proton flux at the top of the atmosphere
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directions for the two sites on Earth at 06:55 UT on 20/01/2005. The asterisk denotes the direction of
the IMF. B) The corresponding flux of solar protons at the top of the atmosphere.

2.3 CR in the upper atmosphere

In contrast to the lower atmosphere, the ionization of the upper atmosphere, where the cas-
cade is not developed, allows a relatively simple analytical solution. This is related to the
fact that the atmospheric depth at the altitude of 35 km is about 6 g/cm2 (< 1 g/cm2 at 50
km), which is much less than the nuclear free path of protons and α−particles (≈ 70 and 30
g/cm2, respectively). Therefore, one can neglect nuclear interactions in the upper atmosphere
(ionosphere and upper stratosphere) and consider only ionization losses of the primary CR
particles. Moreover, for the altitude above 50 km, one can further neglect changes of the en-
ergy of energetic particles, thus reducing the CRII computation to an analytical thin target
model (Velinov, 1966, 1968), where the electron production rate per g/cm2 is computed as
(cf. Eq. 1):

Q =
1
∆E

∑
i

∫
T

∫
Ω

(
dT

dh

)
i

Ji(T, φ,Ω) dΩ dT , (2)
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Fig. 4. Computed ionization rate of the upper troposphere (h =300 g/cm2), at 06:55 UT on January 20,
2005: the total ionization rate (top panel) and that due to GCR only (bottom panel).

where∆E = 35 eV is the energy required for the formation of an electron-ion pair, (dT/dh)i

are the ionization losses of a particle of type i. In the altitude range from 25-30 to 50 km, an
intermediate target model needs to be used, that accounts also for the particle’s deceleration
due to ionization losses (e.g. Velinov and Mateev, 1990). This model was applied for calcu-
lation of atmospheric electrical conductivities in the middle atmosphere for different cases:
GCR, solar CR, Forbush decreases, day and night conditions, etc. During a strong SEP event
the conductivity at altitudes of 30-80 km may increase by two orders of magnitude compar-
ing to the background of GCR. This may affect parameters of the global atmospheric electric
circuit. The intermediate target ionization model was further developed to calculate also the
effect of anomalous CR (Velinov and Mateev, 1992; Velinov et al., 2001) taking into ac-
count the Chapman function values for the spherical Earth environment (Velinov et al., 2004).
Anomalous CR play an important role in the maintenance of the polar ionosphere and the
ionosphere at the polar cusp (Velinov and Mateev, 1992; Mateev, 1997). This model has been
recently upgraded using a more precise parameterization of the ionization loss function (Veli-
nov and Mateev, 2005) and is valid for the altitude between 25-30 km and 120 km (see Fig. 5).
At its lower bound this model agrees with the full-cascade models described above but sys-
tematically underestimate the ion production for the middle and low atmosphere. It can be
generalized for a 3D case for the planetary environments.
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Fig. 5. Electron production rate q (cm−3

sec−1) by cosmic rays, together with con-
tributions from different groups of nuclei (p,
He, L, M, H, VH) calculated for the solar
minimum (φ = 400 MV) by means of the
intermediate target model (Velinov and Ma-
teev, 2005).

We note that ionizing agents other than cosmic rays, such as solar electromagnetic radia-
tion, precipitation of magnetospheric and quasi-trapped particles, become progressively more
important at high altitudes. These processes should be also considered by realistic ionization
models for the ionosphere. Below 30 km, the nucleonic-electromagnetic cascade becomes
important and CRII should be computed using Monte-Carlo models discussed in Section 2.1.

3 CR and chemistry of the middle/upper atmosphere

Energetic CR affect chemistry of the middle/upper atmosphere, that can be both measured
and modeled, e.g., SIC (Verronen et al., 2005), COMMA (Krivolutsky et al., 2006), TIME-
GCM (Jackman et al., 2007). While GCR mostly affect the overall atmospheric environment,
SEP result in ionizations, dissociations, etc. in the polar middle/upper atmosphere. SEP can
produce minor atmospheric components (e.g., HOx and NOy) and trigger catalytic cycles
with ozone destruction. Recent models and data show that: (i) SEPs deposit their energy in
the Polar Cap regions; (ii) relevant O3 depletions take place only after large SEP events;
(iii) the day/night difference occurs in the chemical features, due to the different solar il-
lumination, and (iv) SEPs can be related also to atmospheric dynamical changes, such as
those involving temperature and wind. In the framework of the COST 724 action a num-
ber of SEP events were studied in details: 17/01/2005, 20/01/2005, 15/05/2005, 08/09/2005,
21/04/2002, and 14/07/2000. We used atmospheric data from satellite instruments: SAGE
II (NASA Langley Atmospheric Sciences Data Center), POAM III (http://eosweb.larc.
nasa.gov/PRODOCS/poam3/table poam3.html), HALOE (http://haloedata.larc.nasa.
gov/download/index.php) and MLS/EOS/AURA (http://mls.jpl.nasa.gov/data/). Proton
fluxes were taken from the GOES satellite (http://www.ngdc.noaa.gov/stp/GOES/).

Studying the SEP events of Jan. 2005, Damiani et al. (2006) found two weak and short (<
12 h) ozone depletions at the outer boundary of the Southern Polar Cap (Fig. 6- left panel).
While the mesospheric ozone was greatly decreased in the Northern region (night), the ozone
decrease was weak in the Southern region (day) (Damiani et al., 2007a). Furthermore, the
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ozone decrease in the Northern hemisphere lasted longer (several days) than in the Southern
one, where only short depletions were found (Fig. 6- right panel). This is in agreement with
the theoretical result based on intense photolysis processes in the summer hemisphere. Using
the MLS measurements of nitric acid during January 2005, it was shown that, together with
the ozone depletion, a HNO3 increase (Damiani et al., 2007a) took place, lasting until the
end of the month (Storini & Damiani, 2007). It was the first time when an increase of OH
(proxy for HOx) could be highlighted. According to current models, the HOx increase during
a SEP event may explain the observed mesospheric ozone depletion for the night condition.
For example, the OH concentration raised by an order of magnitude in the North, whereas it
remained almost constant in the South (Fig. 7). Note that the tertiary ozone peak in the winter
mesosphere makes it easier to distinguish the O3 decrease linked to the OHx component rise.
The destruction of the ozone peak is clear on 18/01/2005, when the quantity of destroyed O3

varied from ∼ 25% (at ∼ 55 km) to ∼ 75% (at ∼ 70 km) at Northern high latitudes.
Several other SEP events were similarly analyzed (Damiani et al., 2007b; Storini & Dami-

ani, 2007). In spite of the lower SEP flux, they have also been able to produce intense vari-
ations mainly in the mesospheric chemistry. We found that SEP effects on the Earth’s atmo-
sphere are different for the night and day hemispheres at high latitudes. The response of odd
hydrogen species to SEP events is very fast, almost contemporary, in both summer and winter
hemispheres. However, it is difficult to separate the OH variability over the solar illumina-
tion changes since the high background concentration of hydrogen species depends on the
H2O concentration. On the other hand, reduced solar illumination facilitates highlight of at-
mospheric chemistry changes. We note that OH changes last longer in the winter hemisphere
than in the summer one, because of the short life of OH components under solar light. This
does not imply that seasons affect the possibility of odd hydrogen species to trigger catalytic
cycles, but it only affects our capability to disentangle the true OH variability. In fact, the
scenario of the middle/upper atmosphere response to the Sept. 2005 event reveals catalytic
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Fig. 7. Upper panels: Solar proton flux (E > 10 MeV) from GOES. Lower panels: Contours of the
OH increase (in volume mixing ratio) from MLS/EOS data for 75◦-82◦ S (left) and 75◦-82◦ N (right).
(after Storini & Damiani, 2007).

triggering in both hemispheres, while the slightly less illuminated condition of the Southern
hemisphere favors the presence of a third ozone peak in May 2005, and its subsequent de-
struction during/after the 15/05/2005 SEP event. The weak SEP fluence for the 16/05/2005
event led to an O3 depletion of 10 % up to ∼ 60 km and reached 45 % at ∼ 70 km at 75◦-82◦

S. The ozone depletion in the summer hemisphere is negligible for this event.
Although SEP result in the dominant destruction of ozone, it is possible that at certain

altitudes ozone can be created as a result of chain ion reactions taking part in the stratosphere
(see Tassev et al., 1999, 2003).

4 Conclusions

In this brief review we have summarized the results of the research, carried out in the frame-
work of the COST-724 action, to study the atmospheric effect of cosmic rays. Three numerical
models (Bern, Oulu and Sofia), that are capable to compute the cosmic ray induced ioniza-
tion at a given location and time, are presented. The models agree with each other and with
fragmentary direct measurements of the atmospheric ionization in different conditions. The
models are validated for the entire atmosphere and the whole range of the solar activity level
variations. The effect of sporadic solar energetic particle events is tiny on the global scale,
even for a severe event, but can be very strong locally in polar regions, especially at high
altitudes, leading to significant changes of the chemical properties in the upper atmosphere.

Thus, a new opportunity is presented to study cosmic ray induced effects of the atmosphere
in full detail using realistic and calibrated to direct observations numerical models.
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Summary. Cosmic rays (CR), as element of space weather, determine the radiation dose and radiation
hazard for spacecraft (electronics, navigation system, and astronauts), aircraft (electronics, crew, and
passengers), and affect high level technology on the ground for and even people’s health (especially
during great events). On the other hand the continuous observations of CR by neutron monitors (NM)
may be used for automatically determining the onset of great solar energetic particle (SEP) events (§1).
Then, on the basis of one-minute NM data, by the method of coupling functions, the time variation of the
SEP energy spectrum in the space is determined (§2). For the next, much more complicated step, we need
to solve the inverse problem of SEP generation and propagation. As a first approximation we consider
the model of diffusive propagation. In the frame of this simple model we can determine the time of the
ejection of SEPs from the solar corona, the source function and the parameters of propagation, and then
forecast the expected SEP radiation (§3). To extend the obtained results to low energies we combine
NM and satellite data and shortly describe how to organize alerts in the cases of expected dangerous
hazard for objects in space, the magnetosphere, and the atmosphere. We show that the adopted model
works well in the case of the September 29, 1989, SEP event (for both high- and low-energy particles),
but the model is not universal. It can only account for prompt western-limb injections and does not
generally explain events from the central part of the disk or from the eastern limb, and neither the cases
related to particle acceleration by interplanetary shocks. For the present set of models, an Alert-system
for dangerous SEP events to be developed by the NM stations involved in COST-724 is briefly described
(§4).

Separately from the above modeling, we also consider the principles of using CR measurements
to forecast at least 10–15 hours in advance the sudden commencement of great geomagnetic storms
accompanied by Forbush decreases (FDs) – by using on-line hourly data of the world-wide network of
NMs and muon telescopes (§5). We point out that for this kind of forecasting, the following features
of the CR intensity variations connected to geomagnetic storms related to FDs may be useful: 1) CR
pre-increase, 2) CR pre-decrease, 3) CR fluctuations, 4) change in the 3-D CR anisotropy.

1 The method of automatic search of the start of great SEP event

An increase of CR flux is determined by comparing the present Z-th one-minute data with the
intensity averaged from 120 to 61 minutes before it. For each Z-th minute data the program
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”SEP-Search” is started. This determines, for two independent channels A and B of the NM,
the values

DA1Z =
1
σ1

[
ln IAZ −

Z−60∑
k=Z−120

ln IAk

60

]
, DB1Z =

1
σ1

[
ln IBZ −

Z−60∑
k=Z−120

ln IBk

60

]
, (1)

where IAk and IBk are the one-minute total intensities in sections A and B and σ1 is the
standard deviation of the logarithmic intensity in a single channel. If simultaneously

DA1Z ≥ 2.5 and DB1Z ≥ 2.5, (2)

the program ”SEP-Search” repeats the calculation for the next Z + 1-th minute and if Eq. (2)
is satisfied again, the onset of a great SEP event is established and the program ”SEP-
Research/Spectrum” starts.

1.1 The probability of false alarms

Because the probability function Φ(2.5) = 0.9876, the probability of an accidental increase
with an amplitude larger than 2.5σ in one channel is [1−Φ(2.5)]/2 = 0.0062 min−1, i.e., one
in 161.3 minutes. (Thus, in one day we expect 8.93 accidental increases in one channel.) The
probability of accidental increases simultaneously in both channels is {[1 − Φ(2.5)]/2}2 =
3.845 ·10−5 min−1, i.e., one in 26007 minutes or∼18 days. The probability that the increases
of more than 2.5σ is accidental in both channels in two successive minutes is equal to {[1 −
Φ(2.5)]/2}4 = 1.478 · 10−9 min−1, i.e., one in 6.76 · 108 minutes or ∼1286 years. Sending
out false alarms at this rate (one in about 1300 years) is not dangerous, because the first alarm
is only preliminary and it can be cancelled if in the third successive minute there is no increase
in both channels larger than 2.5σ. (It is not excluded that in the third minute there is also an
accidental increase, but the probability of this false alarm is negligible: one in 3.34·107 years.)
Let us note that the false alarm can be sent also in the case of a solar neutron event (which
is actually not dangerous for electronics in spacecrafts or for the astronauts’ health), but this
event usually is very short (only a few minutes) and this alarm will be automatically canceled
in the successive minute after the end of a solar neutron event.

1.2 The probability of missed triggers

The probability of missed triggers depends very strongly on the amplitude of the increase. Let
us suppose, for example, that we have a real increase of 7σ. (For the Italian–Israeli Emilio
Segré Observatory (ESO) that corresponds to an increase of about 9.8 %.) The trigger will
be missed if in either of the two channels and in either of the two successive minutes the
increase of intensity is less than 2.5σ as a result of statistical fluctuations. For this scenario
to occur the statistical fluctuation must be negative with an amplitude of more than 4.5σ.
The probability of this negative fluctuation in one channel in one minute is equal to [1 −
Φ(4.5)]/2 = 3.39 · 10−6, and the probability of a missed trigger for two successive minutes
of observation simultaneously in two channels is 4 times larger: 1.36 · 10−6. This means that
a missed trigger is expected only once per about 70000 SEP events with real increases of 7σ.
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2 On-line determination of the SEP spectrum

Let the SEP rigidity spectrum out of the magnetosphere, ∆D(R, t), be described by the re-
lation ∆D(R, t)/D0(R) = b(t)R−γ(t), where D0(R) is the spectrum of galactic CR before
the SEP event. In this case, the observed CR variation, δIm(Rc, t) ≡ ∆Im(Rc, t)/Im0(Rc),
will be determined by using the method of coupling functions as:

δIm(Rc, t) = b(t)Fm(Rc, γ(t)), (3)

where m = tot, 1, 2, 3, 4, 5, 6, 7, ≥8 typically gives the multiplicity of the NM data channel
(but can denote also the data obtained by muon telescopes at different zenith angles, data for
electron-photon component, data from balloons and satellites, etc.), and

Fm(Rc, γ) = amkm(1− exp(−amR
−km
c ))−1

∫ ∞

Rc

R−(km+1+γ) exp(−amR
−km)dR (4)

is a known function (am and km are parameters of the Dorman function, see §3.8 in Dorman,
2004). Let us compare the data for two components,m and n. According to Eq. (3), we obtain

δIm(Rc, t)/δIn(Rc, t) = Ψnm(Rc, γ), (5)

where
Ψnm(Rc, γ) = Fm(Rc, γ)/Fn(Rc, γ) (6)

are calculated using Eq. (4). Comparison of the experimental results with the function
Ψnm(Rc, γ), according to Eq. (5), gives the value of γ(t), and then from Eq. (3) the value
of the parameter b(t): b(t) = δIm(Rc, t)/Fm(Rc, γ(t)) = δIn(Rc, t)/Fn(Rc, γ(t)).

3 On-line determination of the time of ejection, diffusion coefficient and
the SEP spectrum at the source

3.1 Forecasting by using NM data

We suppose that the time variation of the SEP flux and the SEP energy spectrum can be
described in a first approximation by radial diffusion from a instantaneous point source de-
scribed by the functionQ(R, r, t) = N0(R)δ(t)δ(r), where r denotes the radial distance from
the Sun.

Let us suppose that the diffusion coefficientK(R, r) = K1(R)(r/r1)β , where r1 = 1 AU.
In this case, the density of the SEPs at r and at time t after the ejection of the SEPs into the
solar wind is (Parker, 1963):

n(R, r, t) =
N0(R)r3β/(2−β)

1 [K1(R)t]−3/(2−β)

(2− β)(4+β)/(2−β)Γ (3/(2− β))
exp

(
− rβ

1 r
2−β

(2− β)2K1(R)t

)
, (7)

where N0(r) is the rigidity spectrum of the total number of SEPs in the source. Let us sup-
pose that the time of the ejection Te, the parameters of diffusion coefficient,K1(R) and β, and
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the source spectrum,N0(R), are unknown. In this case, for determining on-line these four un-
known variables, we need information on the observed SEP spectrum in at least four moments
of time, T1, T2, T3 and T4. (All times T are in UT, so in Eq. (7), ti = Ti − Te, where i = 1, 2,
3, 4.) The details of the solution of the inverse problem for SEP generation and propagation
are described in Section 2.42.3 of the monograph by Dorman (2006). By the deduced values
of Te, K1(R), β, and N0(R), on the basis of Eq. (7), we can forecast the evolution of the SEP
flux and spectrum for many hours ahead, and determine the expected radiation hazard. Really,
after using the first four minutes of data, we then use five, six, seven and so on one-minute
data, and the optimum solution is obtained by the least-squares fit of the model to the experi-
mental data. Thus, with time the solution becomes more and more accurate. This can be seen
in Fig. 1, where we show results of the analysis described above and the forecasting for the
historical event on 29 September 1989 by using only Gran Sasso NM data (the total intensity
and different multiplicities). From Fig. 1 it can be seen that using only the first few minutes
of NM data (t = 10 min, i.e., 5 minutes after the start of the event) is not enough: the obtained
curve forecasts too low an intensity. Only for t = 20 min (15 minutes after the event started)
and later, we obtain a stable forecast in good agreement with the observed CR intensity.

Fig. 1. Calculation at each
new minute parameters
Te, K1(R), β, and N0(R)
and forecasting of total
neutron intensity (time t is
in minutes after 11.40 UT
of September 29, 1989;
curves – forecasting, cir-
cles – observed total neu-
tron intensity).

3.2 Forecasting by using both NM and satellite data

All the results described above, based on on-line NM data, reflect the situation in SEP behavior
in the high energy (more than a few GeV) region. For extrapolation of these results to the low-
energy interval (bu still dangerous for space-probes and satellites), we use on-line satellite data
available through the Internet. We suppose that the time of ejection in both energy ranges is
the same and that Eq. (7) describes the SEP time variation. The source function relative to
time and space is a δ-function, and relative to the energy it is a power-law with an energy-
dependent index:

N0(R, t) = δ(t− te)R−(γ0+ln(Ek/Ek0)). (8)

In Fig. 2 we show results based on the NM and satellite data of forecasting expected SEP
fluxes also at low energies and a comparison with the observed satellite data.

From Fig. 2 it can be seen that, by using on-line data from NMs in the high-energy range
and from satellites in the low-energy range during the first 30–40 minutes after the start of
the SEP event, it is possible to predict the expected SEP integral fluxes for different energies



Use of cosmic ray observations in space weather forecasting 163

up to a few days ahead. We point out, however, that the considered event of September 29,
1989, is particularly suitable for the analysis because it occurred at the west limb and had,
therefore, only a limited contribution of particles accelerated at the interplanetary shock wave
related to the event. For this reason, a radial diffusion model with a coronal source provides
a reasonable scenario for the event. For other events occuring on the disk or at the east limb,
we do not expect such a good performance of the forecast.

Fig. 2. Predicted SEP integral fluxes for Ek ≥ Emin =3.0, 1.0, and 0.1 GeV. The forecasted integral
flux for Emin =0.1 GeV we compare with observed fluxes for Ek ≥ 100 MeV on GOES satellite. The
ordinate is log10 of SEP integral flux (in cm−2 s−1 sr−1), and the Time (as well as abscissa) is in minutes
from 11:40 UT of September 29, 1989.

4 Alerts to be issued in case dangerous SEP fluxes are expected

Using the above-described set of analysis methods, an alert system to warn about the danger-
ous SEP events could be deviced. If the predicted fluxes are expected to be dangerous, a pre-
liminary ”SEP-Alert-1/Space”, ”SEP-Alert-1/Magnetosphere”, ”SEP-Alert-1/Atmosphere” can
be issued in the few minutes after the event onset. As more data become available, better pre-
dictions of the expected fluxes are made and more definitive alerts, Alert-2, Alert-3 and so
on, can be automatically issued. Alerts give information on the expected time and the level
of danger for different objects in space, in the magnetosphere, in the atmosphere on different
altitudes and at different cut-off rigidities.
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5 CR phenomena used for forecasting of great space storms

For a practical realization of forecasting hazardous space storms by means of CR, it will
be necessary to get data from most CR stations in real-time (Dorman, 1993; Dorman et al.,
1993). The main features observed in CR intensity variations before the beginning of major
geomagnetic storms (caused by coronal mass ejections and interplanetary shock waves) can
be used for forecasting, are the following (Dorman et al., 1995a,b, 1997, 1999; Munakata et
al., 2000; considered in detail by Dorman, 2004):

1. CR pre-increase. The discovery of this effect in 1959 (Blokh et al., 1959) stimulated the
development of the mechanism of galactic CR drift acceleration by interplanetary shock waves
(Dorman, 1959; Dorman and Freidman, 1959) and further analyses (Dorman et al., 1995a,b;
Belov et al., 1995a,b) show that this effect is related to particle interaction and acceleration
by interplanetary shock waves;

2. CR pre-decrease was discovered by McCracken and Parsons (1958) and Fenton et al.
(1959). (See also review by Dorman, 1963a,b.) This effect was analyzed recently both theo-
retically (Dorman et al., 1995a) and experimentally on the basis of the network of CR stations
(Belov et al. 1995a,b). The pre-decrease effect can be due to a magnetic connection of the
Earth with regions (moving from the Sun) with reduced CR density; this lower density can be
observed at the Earth along the actual direction of interplanetary magnetic field (IMF) lines
(Nagashima et al. 1990).

3. CR fluctuations. Many authors found some peculiarities in the behavior of CR fluctuations
before FD: changes in the frequency spectrum; appearances of peaks in the spectrum at some
frequencies; variations in some special parameter introduced for characterizing the variability
of fluctuations. Though the obtained results are often contradictory (Dorman et al., 1995b),
sometimes CR fluctuations appear as a reliable phenomenon for FD prediction, as expected
from additional Alfvénic turbulence produced by the kinetic streaming instability of low-
energy particles accelerated by shock waves (Berezhko et al., 1987);

4. Change in 3-D CR anisotropy. The CR longitudinal dependence changes abruptly in di-
rections close to the usual directions of the IMF and depends on the character and source of the
disturbance (Belov et al., 1995b, Dorman et al., 1995b). These effects, appearing long before
FDs (up to 1 day), may be considered as predictors of FDs. Estimates of the CR anisotropy
vector may be obtained by the global survey method described in short detail in Dorman
(1974), and more recently in Chapter 3 of Dorman (2004).

In Fig. 3 shows an example result obtained for the geomagnetic storm of 9 September
1992, and represents asymptotic longitude vs. universal time CR intensity distribution. From
Fig. 3 it can be seen that the pre-increase, as well as the pre-decrease, occurs 15–20 hours
before the sudden commencement of the geomagnetic storm. (Many more examples were
considered in Dorman et al., 2003.)

Conclusions

1. By using on-line one-min data from ground NM in the high energy range and from satel-
lites in the low energy range during the first 30-40 minutes after the start of an SEP event,
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Fig. 3. Galactic CR inten-
sity pre-increase (yellow
circles) and pre-decrease
and FD (red circles) before
and after the Sudden Storm
Commencement (SSC) of
great magnetic storm at
9-th September 1992. The
bigger diameter of circle
means bigger amplitude of
CR intensity variation.

it is possible to predict the expected SEP fluxes for different energies up to a few days
ahead.

2. A strong space storm accompanied with a FD in CR intensity has clear pre-cursor effects,
which can be used by the NM network for forecasting about 10–15 hours before the SSC.
As was shown by Munakata et al. (2000), the CR pre-increase and pre-decrease effects
can be observed very clearly also by the world-wide multi-directional muon telescope
network. They investigated 14 major geomagnetic storms (characterized by Kp ≥ 8−)
and 25 large storms (characterized by Kp ≥ 7−) observed in 1992–1998. It was shown
that 89% of the major geomagnetic storms have clear precursor effects, which can be
used for forecasting (the probability of exact forecasting increases with increasing storm
strength).

It is foreseen that in the near future a continuous Alert-service can be organized for monitoring
of major SEP events and large magnetic storms and for forecasting the dangerous situations
on the basis of several CR stations involved in COST-724, including stations managed by I.
Usoskin (Finland), E. Fluckiger (Switzerland), K. Kudela (Slovakia), M. Storini and M. Parisi
(Italy), A. Chilingarian (Armenia), H. Mavromichalaki (Greece), and L. Dorman (Israel). In
the next step, it will be very important to use also the available on-line data of CR stations
managed by V. Vashenuk, V. Yanke, and E. Berezhko in Russia, and J. Bieber in the USA,
Canada, Antarctic, as well as other stations from the worldwide network of CR stations.
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1 Institute for Physics, University of Greifswald, Felix-Hausdorff-Str. 6, 17487 Greifswald, Germany,
hippler@physik.uni-greifswald.de

2 1A Greifswald, Postfach, 17461 Greifswald, Germany
3 HTS GmbH, Am Glaswerk 6, 01640 Coswig, Germany
4 Institute of Experimental Physics, Slovak Academy of Science, Kosice, Slovakia

Summary. First results of the Muon Spaceweather Telescope for Anisotropies at Greifswald
(MuSTAnG) that is dedicated to spaceweather forecasting are reported.

1 Introduction

The near Earth space is normally surrounded by a nearly isotropic intensity of primary cos-
mic rays from the Galaxy. Apart from particles associated with solar flares, the cosmic radi-
ation comes from outside the solar system and it is mainly composed of protons and helium
ions, other heavy nuclei, and electrons. The incoming charged particles interact with and are
slightly modulated by the solar wind. A further modulation of Sun-ward directed anisotropy
of cosmic ray intensity occurs in the case of a plasma cloud moving between Sun and Earth.
These plasma clouds are caused by coronal mass ejections (CMEs) originating at the Sun
and producing a shock wave on the Earth-ward directed side of the cloud. It has been noted
that those interplanetary CMEs accompanied by a strong interplanetary shock often form a
depleted region of primary galactic cosmic rays behind the shock front during its propagation
between the Sun and Earth. Since primary cosmic ray particles travel close to the speed of
light and thus much faster than the interplanetary shock front (velocities in the order of up
to about 2000 km/s), it carries the information about the CME and the shock region to Earth
far ahead of the shock. The CME/shock affected primary cosmic ray particles thus arrive at
Earth much earlier than the Earth approaching CME and thus may be used to forecast the
approaching space weather hazard.

2 Muon telescope set-up

The Muon Spaceweather Telescope for Anisotropies at Greifswald (MuSTAnG) is a multi-
directional muon telescope dedicated to spaceweather forecasting. The phase 1 telescope con-
sists of a set of suitably arranged and coupled muon detector units in two (upper and lower)
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Fig. 1. Muon telescope construction (schematic). Each of the displayed 2× 4 detectors boxes is approx-
imately 1.05 m × 1.05 m tall (see text).

layers (Fig. 1). Directional information is derived from the passage of muons through two, one
upper and one lower, detectors. In phase 1, MuSTAnG will be composed of 4 × 4 detectors
of 0.25 m2 area in each layer, i.e., a total of 2 × 16 = 32 detectors. Thus the full size of the
detector area as shown in Fig. 1 is 2 m × 2 m = 4 m2. An upgrade of MuSTAnG to a larger
telescope is foreseen in phase 2.

The muon detectors are arranged in detector units containing 4 detectors each. Each de-
tector unit, hence, consists of four scintillator plates of 5 cm thickness and 0.25 m2 size.
MuSTAnG is presently set-up with a distance of 0.95 m between the upper and lower de-

  

 

Fig. 2. Cross sectional view of scintillator box showing positions of scintillator plates, wavelength-
shifting fibres, and photomultiplier modules (schematic).
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Table 1. Mean zenith and azimuthal angles θ and φ, respectively, for the different upper layer/lower
layer detector combinations. Distance between upper and lower layer 0.95 m, detector size 0.25 m2.

±∆n 0 1 2 3
±∆m

θ 0.0 30.0 49.1 60.0
0 φ 0.0 0.0 0.0 0.0

θ 30.0 39.3 52.3 61.3
1 φ 90.0 45.0 26.6 18.4

θ 49.1 52.3 58.5 64.4
2 φ 90.0 63.4 45.0 33.7

θ 60.0 61.3 64.4 67.8
3 φ 90.0 71.6 56.3 45.0

tector planes; the corresponding zenith and azimuthal angles are displayed in table 1. The
scintillator plates are coupled via 1 mm diameter wavelength-shifting (WLS) optical fibres to
photomultiplier (PMT) modules (Fig. 2). Each scintillator plate is read-out by 17 WLS fibres
that are spaced about 2.5 cm away from each other in keyhole-shaped grooves right beneath
the top surface. In order to maximize the light output each scintilliator plate is painted with
white reflective paint. The PMT modules are equipped with a bi-alkali photocathode of 25
mm active diameter having a quantum efficiency of 10–12 % at 500 nm. The PMT modules
possess an integrated preamplifier and a high voltage supply. The passage of a single muon
produces about 10,000 blue photons per MeV energy loss inside a scintillator plate, at an en-

Fig. 3. Pulse height distribution of muon detector pulses.
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Fig. 4. Time correlation between one upper and one lower muon detector.

ergy loss of 1.8 MeV/cm (Achenbach et al., 2005). A fraction of typically 15 % of produced
photons is absorbed by wavelength-shifting fibres and re-emitted as green photons. About 3
% of the re-emitted green photons are captured within the acceptance cone of the fibre and
transmitted by internal reflections to the photomultiplier tube. The quantum efficiency of a
bi-alkali photocathode is typically 10 % for green photons. The total yield of such a system
is 7–8 photoelectrons/cm, and for a 5 cm thick plastic scintillator an average signal of 35–40
photoelectrons per incident muon may be expected.

Fig. 3 displays the pulse height distribution at the output of the photomultiplier tube. The
distribution is composed of two contributions due to single photoelectron events (including
dark current pulses) at small output amplitudes and a broad distribution at large output ampli-
tudes due to muons.

Output pulses from the PMT tube are further amplified, discriminated and, after suitable
pulse-shaping, fed into the coincidence electronics consisting of a field-programmable gate
array (FPGA) logic (Yasue et al., 2003). The FPGA operates at 10 MHz and provides a time
resolution of 100 ns.

The time correlation arising from the passage of a single muon through two (one upper
and one lower) detector unit (0.25 m2 each, typical count rate 40–50/s) has been separately
investigated with a standard coincidence set-up. The test set-up consists of a commercial
time-to-amplitude converter (TAC) converting the time difference between two (start and stop)
signals into an output pulse with an output voltage that is proportional to the elapsed time span,
and a PC-based pulse-height-analyzer card employing a built-in analogue-digital-converter
(typical dead time 80 µs) to record the TAC output signal. Start and stop signals are derived
from upper and the lower detectors, respectively. In order to facilitate operation of the TAC, a
conveniently chosen cable delay of 13 m length corresponding to a time delay of about 65 ns
was inserted into the lower (stop) detector signal line.

A time spectrum displaying a pronounced time peak with a full width at half maximum
of about 12 ns containing about 18,200 correlated (true) events (recording time 1 hour) is
obtained (Fig. 4). The background of uncorrelated (random) coincidences as estimated from
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Fig. 5. Normalized muon count rate during 13–17 December 2006. MuSTAnG results (•) are compared
to data of another muon space weather telescope at Sao Martinho (◦).

the number of events in the time regime 150–200 ns is only about 36. The statistical accuracy
calculated from these numbers is ∼ 0.7 %. Multiple events, e.g., detector responses in either
upper or lower detector occurring within the electronics dead time are not recorded.

3 Results

MuSTAnG test phase began end of November 2006. At the time, only 2 × 8 = 16 detectors
totaling 2 m2 in each of the two layers were mounted. GOES-11 satellite on 13 December
2006 recorded at 2:20 hours UT an increase of solar x-ray intensity by almost 4 orders of
magnitude, followed by a ground level enhancement (GLE) that was recorded by several
neutron monitors at 02:50 hours UT (Bartol, 2006).

These recordings, hence, provided the earliest alerts for the upcoming space weather event
caused by a coronal mass ejection (CME). Fig. 5 shows the muon count rate variation of
MuSTAnG during 13-17 December 2006. A clear drop of the muon intensity on 14 December
2006 is noted, indicating the arrival of interplanetary shocks and the associated interplanetary
CME at Earth. The drop began around 17:00 hours UT and reached the 1 % level at 20:00
hours UT. It is confirmed by similar observations of other muon telescopes around the world,
e.g., at Sao Martinho (Brazil), Nagoya (Japan), Hobart (Australia), and Kuwait (Bartol, 2006),
and coincides with a pronounced enhancement of the estimated (3-hourly) geomagnetic Kp

index reaching values of 7 during 15–18 hours and of 8 during 21–24 hours (GOES-11, 2006).
MuSTAnG construction in the new physics building (54◦ 5.51’ N, 13◦ 24.24’ E, vertical

cut-off rigidity 2.35 GV) was completed end of April 2007. MuSTAnG is presently in its test
phase with full operation foreseen during the second half of 2007.
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4 Conclusions

The Muon Spaceweather Telescope for Anisotropies at Greifswald (MuSTAnG) began its test
phase end of November 2006. The first space weather event was recorded during 14 December
2006. The measurements demonstrate the forecast potential of a network of muon and neutron
telescopes as was recently emphasized by (Kuwabara et al., 2006).
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Summary. We present two multivariate statistical methods for improving the real-time detection of
space weather events from neutron monitor network data. Both exploit the similarity in the evolution of
the count rates, as recorded by different monitors. The same methods can also be used as a simple and
yet robust tool for filling data gaps.

Neutron and muon monitor networks can be used as single multidirectional spectrograph,
thereby improving the detection of Ground Level Enhancements (GLEs) and of signatures
from approaching interplanetary disturbances (Usoskin et al., 1997; Mavromichalaki et al.,
2004). The real-time analysis of such network data, however, is often hampered by a number
of practical difficulties such as data gaps and noise. Here we show how multivariate statistical
analysis methods known as blind source separation methods can help rapidly characterize
network data while alleviating some of these problems.

The blind source separation approach

Let us illustrate our approach using one year of hourly pressure-corrected neutron mon-
itor data, downloaded from the website of the Solar-Terrestrial Division at Izmiran (ftp:
//cr0.izmiran.rssi.ru/Cosray!/). The neutron count rate measured at a location x and time
t is c(x, t). After eliminating all stations that exhibit large data gaps (more than 30% of the
time) or experience stability problems, we are left with 43 stations. Small data gaps and spu-
rious values are eliminated using the technique that will be described below.

Our working hypothesis is that all count rates can be expressed as a linear combina-
tion of a few common regimes. This idea is supported by the remarkable similarity be-
tween count rate evolutions as observed at different stations. For that reason, we express the
count rate as a linear combination of separable functions of space and time, hereafter called
“modes”: c(x, t) =

∑N
i=1Aifi(t)gi(x) with the orthonormality constraint 〈fi(t)fj(t)〉 =

〈gi(x)gj(x)〉 = δij , where δij is the Kronecker symbol and 〈.〉 meaning ensemble averag-
ing. This empirical decomposition is unique and is provided directly by the Singular Value
Decomposition (SVD) (Chatfield & Collins, 1995). The weights are conventionally sorted in
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decreasing order A1 ≥ A2 · · · ≥ AN ≥ 0. The number of modes N equals the number of
stations. Heavily weighted modes describe features that are observed coherently by many sta-
tions and so they are of prime interest. Detector and statistical noise on the contrary tends to
be deferred to the last modes, because it is incoherent in time and in space. Since the method is
data-adaptive, the same temporal modes are recovered regardless of the number of monitors,
provided that these capture different aspects of dynamics.

A recent generalisation of the SVD, called Independent Component Analysis (ICA), re-
gards the decomposition of multivariate data into a linear combination of modes that are not
orthonormal, but independent (Hyvärinen & Oja, 2000). ICA is today often preferred to the
SVD when it comes to handling blind source separation problems, in which a small num-
ber of “source” terms must be recovered from array data. Indeed, statistical independence
generally is a more realistic assumption for disentangling different physical processes than
decorrelation. The number of observables must of course exceed the number or modes.

Application to neutron monitor data

The fraction of the variance that is described by the i-th mode of the SVD is given by Vi =
A2

i /
∑N

j=1A
2
j . These values are plotted in Fig. 1, showing a characteristic distribution with a

steep falloff followed by a flat tail. The largest modes capture salient features of the observed
variability; three of them describe over 98.2% of the variance of the data. Modes from the tail
in the contrary describe incoherent fluctuations that occur locally in time or at one particular
station. The modes that are most likely to capture interesting physical features thus are the
largest ones (Dudok de Wit, 1995). The number of such modes here is about 3 to 5.
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Fig. 1. Fraction of the variance (in %) that is explained by each of the 43 modes obtained by SVD.

Preprocessing is an important issue. Since we are interested in fluctuations only, for each
station we subtract the time average and normalise with respect to the standard deviation.

The spatial structure of the first 4 modes obtained by ICA is shown in Fig. 2. Mode 1
is a mere weighted average of stations (with weights ranging from 0.94 to 1) whereas mode
2 extracts the difference between low and high rigidity stations, with no longitudinal depen-
dence. Mode 1 can therefore be interpreted as a large-scale flux (Belov, 2000) whereas mode
2 expresses a rigidity dependence. Modes 3 and 4 on the contrary exhibit a strong longitu-
dinal dependence; they are also in quadrature, which means that they describe longitudinally
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Fig. 2. Spatial structure of ICA modes 1 to 4. Each dot represents a monitor; the colour expresses the
value of the k’th spatial mode gk(x) at that location, normalised to the maximum value of |gk(x)|.

moving patterns (Aubry & Lima, 1995). Higher order modes in comparison have much less
spatial coherence and are more difficult to interpret. The modes obtained by SVD are quite
similar but their separating power is not as good.
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Fig. 3. From top to bottom, temporal profiles of ICA modes 1 to 4, the Dst index and count rates of 6
stations with increasing rigidity. All but the Dst index are plotted with arbitrary units. Two GLEs are
indicated with dashed lines.

The temporal structure of the first four ICA modes is shown in Fig. 3 for a large storm in
July 1982 and two GLEs in November and December 1982. A first small Forbush decrease
occurs on July 11th around 10:00 UT and a much larger one on July 13th at 16:00. The exact
timing of their onset times is affected by the omnipresent solar diurnal variation. However,
this modulation of the cosmic ray flux, which travels longitudinally as the Earth rotates, is
almost entirely captured by modes 3 and 4. By reconstructing the data from the all but modes
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3 and 4, the onset comes out more evidently, especially for high rigidity stations. Since in
addition the solar diurnal variation is well captured by modes 3 and 4, one can determine its
amplitude (defined as a(t) =

√
f2
3 (t) + f2

4 (t)) and check that it drops before sudden storm
commencements. Note that modes 3 and 4 are not equivalent to bandpass filtered count rates,
since they exhibit occasional sharp transients. In particular, anisotropies associated with arriv-
ing shocks disrupt the regular oscillatory behaviour of these two modes and provide another
criterion for detecting anomalous events. Such modes could therefore serve as an input for
more elaborate cosmic-ray indices for space weather (Kudela & Storini, 2006).

GLEs manifest themselves as a short increase in modes 1 and 2. Two events (a weak one
a strong one) are marked by dashed lines in Fig. 3. The increase observed in mode 2 implies
that the contribution of GLEs versus that of the cosmic ray background is relatively more
important at higher latitudes. A weak signature can also be found in modes 3 and 4 because
the impact is not isotropic in longitude.

Interestingly, the power spectral density of temporal modes 1 and 2 reveals a power law
scaling over more than two decades, which is almost totally devoid of the 24-hour modulation
that dominates in modes 3 and 4. These two power laws have distinct spectral indices: α1 =
−2.30± 0.03 for mode 1 and α2 = −1.30± 0.03 for mode 2. The first value is similar to the
one found for the Dst index and attests a predominance of large-scale transients. Mode 2 in
comparison has a much higher level of short-scale fluctuations; our interpretation is that this
reflects the local conditions of the terrestrial environment. These two different spectral indices
support the idea that modes 1 and 2 truly capture two different physical processes.

Filling data gaps

Another potentially important application is filling the data gaps that plague neutron observa-
tions. The idea, which is further developed in (Kondrashov & Ghil, 2006), consists in exploit-
ing the redundancy of the observations to replace missing or corrupted samples with values
obtained from the most significant modes. First, all corrupted samples are flagged and re-
placed by some reasonable estimate. The SVD is then computed. The strongest modes are
used to replace the flagged values with a new estimate, and the SVD is then computed again.
Convergence usually occurs after 5 to 20 iterations. Two advantages of this method are its
extreme simplicity (the number of significant modes is the only tunable parameter) and its ex-
cellent performance with measurements that exhibit coherent regimes. The result is illustrated
in Fig. 4, in which one month of data from the Climax monitor were deliberately taken out
and subsequently reconstructed by SVD. The good performance of the method is attested by
the low variance of the residuals and their statistical independence.

Conclusion and outlooks

Blind source separation methods offer a simple and yet powerful empirical approach for pre-
processing in real time data from neutron monitor networks. Even though these methods are
statistical, their modes convey a physical interpretation. Independent Component Analysis is
well suited for characterizing common regimes, thereby enabling the robust identification of
Forbush decreases and GLEs. The Singular Value Decomposition is better adapted for filling
data gaps and resampling data.
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Fig. 4. Original count rate of the Climax neutron monitor (c(t)) and its value reconstructed by SVD
(fit(t)), using four dominant modes out of the 43, and the residual error (fit(t)− c(t)).

These methods allow to investigate several other properties, and are presently being tested
with data from the Aragats station (Chilingarian et al., 2005). First, due to the fact that both
methods are linear, statistical hypothesis tests can be carried out on weak events. Another ap-
plication is the correlated analysis of high-cadence data for the robust characterization of weak
GLEs and anisotropic events. When using for example surface and underground detectors with
different energy responses, differences in the amplitude of the spatial modes gk(x) are auto-
matically adjusted by the method. Finally, we are using these methods to detect anomalous
measurements (drifting count rates, offset errors). A station or a channel that behaves differ-
ently from the others often can readily be identified as this difference will tend to be picked
up by one single mode.
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Summary. This paper briefly addresses some of the issues associated with the prediction of solar en-
ergetic particle events, providing a definition of what is meant by the word prediction and succintly
summarising the importance of this problem, in particular for manned space missions. Very little work
has been done in this area and a very short precis of previous work is given, followed by some results
from some research on the use of neural networks to predict events 24 to 48 hours in advance using
x-ray fluxes as the inputs with the output being the occurence of an event or not. Finally, some other
possible ideas, such as the analogy with self- organised criticality and turbulent plasma phenomena, are
suggested which might be useful as starting points for new avenues of research.

1 Introduction

Future manned missions to the moon and Mars will require the prediction of large events
with sufficient lead time to allow the astronauts enough time to get back to their shelter when
they are on sorties. Currently, the same is true for extra-vehicular activity (EVA) from space
stations but it is usual for the EVA not to take place if an event is predicted. If, for these
future missions, the lead time is not sufficiently long then the astronauts may not be able
to reach their shelters before the event peak flux resulting in exposure to potentially huge
radiation doses. Since rise times of the very large events are typically of the order of 12 hours
then lead times of one or two days are may be needed. Also, depending on exactly how long
the astronauts are from their bases, the accuracy of the prediction of the start time of the
event could be critical. Ideally, the prediction technique would be able to forecast all the key
parameters, including flux spectra as a function of time from the event initiation.

So first what is meant by prediction? As discussed above, for certain applications, there is
the need to be able to say what the proton fluxes, due to the occurrence of a solar energetic
particle event (SEPE), are with lead times of the order of one of two days. The use of the word
prediction is not always accepted in this context and sometimes people prefer to use the word
forecast. Regardless, for the purposes of this paper, we will use the word prediction with the
definition as follows:

Prediction of an SEPE is the ability to predict the occurrence of a rise in proton fluxes
at any point in the heliosphere caused by an event on the sun, 24 to 48 hours before the
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beginning of the SEPE at that same point in space. Ideally the characteristics of the SEPE
(e.g., flux spectra at energies in the range of 1 to 500 MeV), as a function of time during the
event as well as the event duration, should be predicted too.

2 Brief summary of previous work

There has been little work done on prediction (as defined above) of SEPEs. Current real-time
prediction models (Balch, 1999; Garcia, 1994) assume a relation between SEPEs and discrete
X-ray flares, and require a flare before a prediction can be made, inherently limiting lead time
to several hours. The question arises as to whether one can predict an event without the need
for a discrete X-ray flare. Recently, artificial intelligence techniques, using neural networks,
have been used to predict SEPEs (Patrick, 2003) with lead times of the order of 48 hours.
The inputs to the networks were the ratio of the GOES XL and XS X-ray fluxes. Overall
success rates were about 65% and having tried many different input combinations, it has been
concluded that this is probably the best that can be achieved with these inputs (Gabriel &
Patrick, 2003).

2.1 Summary of Neural network results

Only a brief overview of the technique and some of the results which are presented in Patrick
(2003) are presented in this section. The technique classifies the X-ray flux ratios (taken from
the GOES XS and XL channels) preceding either an event or a quiet period (QP) and predicts
the occurrence of an event 48 hours in advance. A real time model uses the majority decision
of 10 separate neural networks. The total data set consisted of 97 SEPEs and 170 non SEPEs,
which were divided into training (60 SEPEs/60 non SEPEs) and query sets (37 SEPEs/110
non SEPEs). A Principal component analysis (PCA) projected the training set onto non-real
dimensions and the majority of variation was found in the first few principal axes. The least
significant principal components (PCs) were discarded to reduce the dimensional complexity
and noise. The number of PCs was varied and the training accuracy investigated with each
configuration being tested with 10 random train/query combinations. Optimum performance
was found when there were 12 PCs as inputs and 10,000 training epochs, giving 65% SEPEs
classified successfully and 66% non SEPEs classified correctly.

A real time model, called POPE (Prediction of Proton Events) was developed and uses a
majority voting system on the output from 10 different neural networks. Table 1 shows some
of the SEPEs that were identified during the period from 26 December, 2001 till 9 November,
2002.

The predictions made by POPE over the past 12-months of operation have been assessed
by breaking down the observed proton flux time series into a binary time series of SEPEs and
Quiet Periods with 1-hour resolution. The observed series has then been compared against the
POPE forecast. Within the training set the start times of SEPEs had been found to the nearest
two hours, hence the predictions from the POPE model had a lead time of 48-hours,±2 hours.



Prediction of Solar Energetic Particle Events 183

Table 1. SEPEs identified during the period of real-time operation

ID Start Time Duration [h] Fluence [p/cm2] POPE Output

1 26/12/01 06:00 49 3.54·108 10
2 29/12/01 05:00 17 2.35·107 10
3 30/12/01 21:00 119 2.33·108 8
4 10/01/02 20:00 67 1.03·108 9
5 18/03/02 13:00 32 3.23·107 2
6 21/04/02 02:00 113 2.84·109 6
7 22/05/02 18:00 44 1.05·108 5
8 16/07/02 18:00 46 1.02·108 1
9 22/07/02 07:00 97 8.31·107 Model Down

10 22/08/02 04:00 20 1.65·107 Model Down
11 24/08/02 01:00 60 3.13·108 10
12 07/09/02 07:00 19 2.55·107 10
13 09/11/02 19:00 34 1.42·108 9

Method

The output from POPE that was used to assess its performance consisted of an integer of
between 0 and 10, representing the number of networks from 10 which had an output of >50,
i.e. the number of networks from 10 which were predicting an SEPE in 48-hours time.

Over the period of operation 1-hour resolution GOES-8 proton data was examined and
an SEPE was defined as occurring if the hourly averaged >10 MeV integrated proton flux
was greater than 1.0 p.f.u. for 12 consecutive hours. This is consistent with the way in which
SEPEs were defined in the original training set. The start time of each SEPE was taken as the
time at which the hourly averaged proton flux was first above 1.0 p.f.u. SEPEs were identified
as ending when the hourly averaged >10 MeV integral proton flux fell below 1.0 p.f.u. for
12 consecutive hours. The POPE prediction for each SEPE was taken as the highest output
from the model from within±2 hours of the SPE start time. Data collected during an ongoing
SEPE was ignored, thus the POPE model was assessed on its ability to predict the initial onset
of an SEPE.

Observed values with a>10 MeV hourly averaged proton flux of less than 1.0 p.f.u. which
occurred at least 6 hours after the end of an SEPE were classed as instances of quiet periods.
The prediction for each quiet period was taken as the highest output from the model from
within ±2 hours of the quiet period.

Outputs from the POPE model were only utilised if they were based on an input delay
vector that did not contain a significant amount of missing data (due to data gaps from GOES).
An input vector was deemed unsuitable if any of its component 3-hour averages contained
more than 50% missing data.

The 48-hour forecast from the model was matched to each observed value of the hourly
averaged >10 MeV integrated proton flux. The forecast consisted of an integer of between
0 and 10 and the threshold used to interpret the forecast was altered in order to examine the
effect on SEPE and quiet period classification success rates.
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Table 2. Classification success for real-time POPE model for different threshold interpretations of the
multiple model output. Average success is shown in bold.

Threshold >5 for SEPE >6 for SEPE >7 for SEPE >8 for SEPE >9 for SEPE

SEPEs from 11 8 7 7 6 4
QPs from 6249 2158 2711 3345 4120 5123
SEPEs [%] 72.7 63.6 63.6 54.5 36.4
QPs [%] 34.5 43.4 53.5 65.9 82.0
Average [%] 53.6 53.5 58.6 60.2 59.2

Changing the criterion for event prediction modifies the success rates and this can be
seen in Table 2, where the threshold for an event has been varied from 5 to 9. Increasing
the threshold decreases the success rate for event prediction but tends to increase the average
success rate as the QP prediction success rate increases. Table 3 shows a contingency table
for the POPE classification model using >8 as the decision threshold.

Table 3. Contingency table for real-time operation of POPE model, Dec 2001 – Dec 2002.

POPE Model Event observed
Yes No

Event Forecast Yes 6 2129
No 5 4120

3 Other techniques and comments

Dorman et al. (2004) have proposed the use of on line neutron monitor and muon telescope
data at a one minute time resolution, for 20 to 30 minutes, to predict very large SEPEs with a
lead time of up to about 2 days. But of course this will only work for events that have a hard
event spectrum to produce neutrons observed on the ground.

Posner (2006) has proposed a method of forecasting SEPEs using relativistic electrons,
having found that using a superposed epoch analysis:
i) Relativistic electrons always arrive before of non-relativistic SEPEs
ii) Early electron fluxes are highly correlated with proton fluxes
iii) Both proton and electron flux increases depend on the magnetic connection.

The question of predictability has been raised by Gabriel and Patrick (2003). By noting
the intermittent or bursty behaviour of the >10-MeV proton fluxes over a period of about
10 years, they posed the question as to whether or not this behaviour might indicate that the
sun is in a state of self-organised criticality (SOC), which has been observed or proposed to
be present in other phenomena, e.g. X-ray flares and turbulent laboratory plasmas. If this is
the case then it might be concluded that SEPEs are not predictable, at least based on time
series analyses (rather than using pre-cursors and/or of course deterministic physics-based
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methods). However, as they point out much more research is needed to be able to make this
rather fundamental conclusion.

Finally as proposed by Joan Feynman (personal communication), if one could observe the
back-side of the sun using spacecraft, then active regions or CMEs with the right parameters
to cause SEPEs, could allow prediction with lead times of several days.
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Summary. We have calculated integral fluences of solar protons and helium nuclei at 20 energy thresh-
olds between 1.6 and 108 MeV/n from the SOHO/ERNE measurements during the years 1996-2005.
We have also calculated fluences of oxygen and iron in the energy range from 10 MeV/n up to a few
hundred MeV/n for 19 SEP events. These are the first results of the work aiming at a full employment of
the ERNE data in investigating the fluence distributions of SEP events over the entire solar activity cycle
and in deriving the total dose received on-board SOHO during its mission. Some instrumental problems
are identified and future developments presented.

1 Introduction

Solar energetic particle (SEP) fluences have an important role in modelling space weather
and its effects. By deriving SEP event fluence distributions from long-term measurements,
probabilistic models can be created, which can be used for predicting cumulative and worst
case fluences on a mission at a certain phase of the solar activity cycle (e.g., Feynman et al.,
1993; Nymmik, 1999; Xapsos et al., 1998). As well, the measured data can be used for post-
analysis of space weather effects on technology, e.g., analysing radiation effects on electronic
components. Of specific interest is the fluence of protons at energies above ∼10 MeV, being
capable of penetrating modest shielding. However, high-energy helium and heavier ions need
also attention. These species can significantly contribute to displacement damage and single
event effects in electronic components. Long-term observational results of high-energy solar
heavy ions are, however, relatively scarce (Tylka et al., 1997; Mewaldt et al., 2001).

We have employed the SOHO/ERNE data from the years 1996-2005 to derive fluences of
solar energetic protons, helium, oxygen, and iron at various energy thresholds. We describe
in this report the current status of the work. In Section 2, a brief overview of the instrument
is given. The available data and preliminary results are discussed in Sections 3 and 4, re-
spectively. Known instrumental problems leading to uncertainties in the derived fluences are
briefly discussed in Section 5. In Section 6 we present the conclusions and identify some
future developments.
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2 Instrument overview

SOHO is in a halo orbit around the Sun-Earth system’s Lagrangian point L1 and thus observes
environmental conditions in the interplanetary space. ERNE instrument (Torsti et al., 1995;
Valtonen et al., 1997) consists of two sensors, one (LED) operating roughly between 1 and
12 MeV and the other (HED) between 12 and 130 MeV proton energies.

Both sensors are capable of identifying protons, helium, and heavy ions from carbon
to iron. The operational upper energy limits for helium, oxygen, and iron are approxi-
mately 130 MeV/n, 350 MeV/n, and 550 MeV/n, respectively. The geometric factor of LED
is 0.9 cm2 sr. The sensor has seven separate view cones with a total full opening angle of
64◦. HED has a much larger geometric factor, varying from approximately 40 cm2 sr near the
lower limit of operational energy range for each species to 25 cm2 sr at the upper limit. The full
opening angle is 120◦. Silicon strip detectors are used to achieve a good directional sensitivity
within the view cone. The capability to determine the path lengths of incident particles in the
detectors is also a prerequisite for precise identification of heavy ions. The large geometric
factor of HED has both positive and negative effects on the performance of the instrument.
Due to the large geometric factor, a high sensitivity is achieved, making it possible to observe
even very small SEP events. However, the geometric factor of HED cannot be dynamically
changed with flux conditions. Therefore, during very large SEP events the instrument has a
tendency to saturate. From the point of view of using HED data in calculating, e.g., the total
mission dose, this feature is very unfortunate, because a significant part of the total dose is
received during the largest SEP events.

3 Available data

ERNE started measurements in December 1995 and data are available till the present time.
Some data gaps exist both due to spacecraft and instrumental anomalies. The longest data gaps
are from December 20, 1996 to March 3, 1997, from June 25 to October 8, 1998, from Decem-
ber 22, 1998 to February 7, 1999, and from March 13 to March 30, 2000. Calculated intensities
of protons and helium at standard or user-selectable energy channels and time resolutions can
be freely accessed through the internet (http://www.srl.utu.fi/erne data/main english.html).
These data are available from May 8, 1996 and are continuously updated with a delay of
a few days from the current time. Presently, intensities of heavy ions are not produced rou-
tinely, but have to be processed on case-by-case basis from the low-level pulse height data.
The 24-hour averaged proton intensities measured by ERNE at two energy channels are pre-
sented in Figure 1. This figure illustrates the extremely dynamic nature of the interplanetary
particle environment at low energies as well as the occurrence of high-energy protons, which
also usually are related to largest SEP events, concentrating in the region of solar maximum
activity.

4 Proton, helium, oxygen, and iron fluences

Proton and helium fluences are calculated from the data pre-analysed on-board the space-
craft. The on-board software identifies protons and helium nuclei and arranges the particles



Solar energetic particle fluences from SOHO/ERNE 189

Fig. 1. Proton intensities at
two energy channels observed by
SOHO/ERNE during 1996-2005.

in energy bins. Corrections to the observed particle energies, which are too complicated to
be taken into account on-board, are performed on-ground. Proton and helium intensities as a
function of energy are then calculated by applying the energy and species dependent geomet-
ric factors. From these intensities, integral fluences are finally calculated at 20 approximately
logarithmically spaced energy thresholds between 1.6 and 108 MeV/n. The fluences are given
in units cm−2sr−1 representing the fluence of particles in the field of view of the instrument.
In case of an isotropic flux, multiplication by the factor 4π gives the total fluence per cm2.
The basic time resolution of the instrument is one minute, but the calculated fluences have
been archived as hourly averages. These archived data are then used for calculating, e.g., SEP
event-averaged fluences.

Examples of SEP event-averaged integral fluences of protons and helium are shown in
Figure 2. The figures illustrate the large variations in the total event fluences and the vari-
ability of the spectral shape from event to event. The behaviour of the helium fluence follows
the general trends of the proton fluence in these events, but with slightly less variability, in
particular at the highest observed energies.

Heavy ion data have to be fully processed on ground. Due to the complexity of the instru-
ment, the processing is not done routinely for all the data received. It is usually done only for
selected SEP events, which are of interest for various research goals. Therefore, ERNE heavy
ion intensities covering continuous, long time periods are not currently available. In the course
of this work, we have processed heavy ion data for the 19 SEP events shown in Table 1.

For oxygen and iron differential fluences have been calculated for the 19 events given in
Table 1. Figure 3 shows the results for the same four events as presented in Figure 2 for protons
and helium. The energy range for heavy ions is limited to > 10 MeV/n, because at lower
energies the range is very small. The oxygen fluence is again highly variable in the studied
events at low energies. At high energies, in the region of several tens of MeV/n and above
the fluence is relatively constant reflecting a main contribution from galactic and anomalous
cosmic rays. For iron, there are only two data points available from LED above 10 MeV/n
followed by a relatively wide data gap between LED and HED. In most of the events studied,
the fluences at high energies are very small and even with the high sensitivity of HED large
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Fig. 2. Integral fluence of protons (left) and helium (right) as a function of energy for four SEP events.

Fig. 3. Differential fluence of oxygen (left) and iron (right) as a function of energy for the same SEP
events as in Figure 2.

Fig. 4. Left: cumulative 1-hour averaged proton fluence above 18.9 MeV in the year 2002. Right: cumu-
lative event-averaged integral oxygen fluence above three energy threshold for the 19 events of Table 1.
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Table 1. SEP events for which oxygen and iron fluences have been calculated

Event Start date and time End date and time

1 1997-11-04 06:50 1997-11-06 12:00
2 1998-04-20 11:30 1998-04-25 20:00
3 1998-05-02 14:10 1998-05-04 00:00
4 1998-05-06 08:30 1998-05-08 19:00
5 2000-06-10 17:30 2000-06-13 09:00
6 2000-09-12 13:10 2000-09-15 19:00
7 2000-10-16 07:50 2000-10-20 10:00
8 2001-04-02 23:30 2001-04-05 23:00
9 2001-04-10 08:00 2001-04-12 12:00

10 2001-04-15 14:30 2001-04-18 00:00

Event Start date and time End date and time

11 2001-04-18 03:50 2001-04-22 00:00
12 2001-09-24 11:50 2001-09-26 06:00
13 2001-10-22 18:10 2001-10-26 06:00
14 2001-11-04 17:10 2001-11-09 00:00
15 2001-12-26 05:50 2001-12-29 09:00
16 2002-04-21 01:50 2002-04-24 00:00
17 2002-07-16 13:50 2002-07-19 00:00
18 2002-08-22 00:00 2002-08-24 01:00
19 2002-08-24 01:30 2002-08-27 06:00

error bars have to be attached to the results and in some cases no iron nuclei were observed at
the highest energies during the event.

Examples of cumulative integral fluences of protons and oxygen are shown in Figure 4.
For protons, the hourly averages of integral fluence above 18.9 MeV are shown for the year
2002. The largest sudden step in the fluence comes from the April 21, 2002 SEP event. For
oxygen, the event-averaged cumulative fluence above three energy thresholds is presented.
The plot includes only the 19 events given in Table 1. The most prominent sudden steps in the
fluence are caused by the April 2, 2001, September 24, 2001, and November 4, 2001 events.

5 Instrumental problems

As already mentioned in Section 2, due to the large geometric factor of HED this sensor tends
to saturate during largest SEP events. This is the most significant drawback of the ERNE
instrument. Saturation occurred, e.g., during the July 14, 2000 event, October 28-November
4, 2003 events, and January 20, 2005 event. When saturating, the live time of the instrument is
not well known leading to large errors in the calculated fluence values. These errors are very
difficult to estimate and correct. For this reason, ERNE fluences of the largest SEP events are
presently not available.

Scintillators are employed in HED to reach the high upper limit of the operational energy
range. The light collection from the scintillators is not fully uniform. The nonuniform response
may also lead to some uncertainties in the derived fluences. This is not, however, considered
very significant. HED also has a plastic scintillator anticoincidence shield. As from all the
other scintillators, light from the plastic scintillators is read out by photodiodes. Due to the
non-optimal match of the wavelength of the light from the plastic scintillator with the response
function of the photodiodes, the capability of the anticoincidence shield to detect very high
energy protons is limited. This again leads to uncertainties in precise measurements of the
proton energies.
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6 Conclusions and future developments

We have presented first results of the work aiming at deriving the fluences of protons, helium,
and heavy ions from the long-term measurements of SOHO/ERNE. We have calculated the
integral fluences of protons and helium at 20 energy thresholds for the period 1996-2005.
We have also calculated differential fluences of oxygen and iron in several energy channels
between 10 and a few hundred MeV/n. Some examples of the results were presented in this
report.

The main drawback in employing SOHO/ERNE in deriving solar energetic particle flu-
ences is the tendency of the instrument to saturate during largest SEP events. This is a serious
difficulty, which presently has not yet been solved.

Currently, we are in the process of developing a simulation model of the instrument hard-
ware to analyse possible methods, which could be used for solving the saturation problem.
Once a successful solution is found, ERNE data are expected to be very valuable for many
space weather related investigations. One of the major goals is to calculate the total dose that
SOHO spacecraft and its components have received during the mission. The derived fluence
and dose data will be made accessible through the internet.

The fluence data can also be used for space environment modelling. SEP event fluence
distributions can be employed in creating probabilistic models of SEP event occurrence. Due
to the high time resolution and high sensitivity of the instrument, even time-dependence of
the fluences during particular events can be investigated.
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Summary. The occurrence of solar energetic particle (SEP) events over a long time scale is described
by probability theory using regularities inherent in sets of SEP events. The most complete probabilistic
model of SEP fluxes is based on successive utilization of these regularities. In this paper we present a
short description of the technique of revealing the basic regularities for the probabilistic SEP model,
used in the Skobeltsyn Institute of Nuclear Physics, Moscow State University (SINP/MSU).

1 Introduction

In developing a probabilistic model of any phenomenon, it is necessary to have, or to be able
to compose, a quantitative picture of all possible situations of occurrence of the phenomenon
being modeled. This is also applicable to the modeling of SEP fluxes, which in this work
represents a purely probabilistic phenomenon with the systematic regularities inherent in SEP
phenomena.

Any model can be based either on experimental data sets or on theoretical modeling of
the phenomenon. For SEPs, theoretical models do not result in a satisfactory description of
the whole phenomenon and, thus, models of SEP fluxes and fluences are usually based on
generalized representations and analysis of the experimental data. The experimental data of
SEPs possess, however, considerable statistical and systematic errors (Mottl and Nymmik,
2007). To avoid transferring such errors from the experimental data to the developed models,
the statistical errors should be thoroughly analyzed, the results of various experiments should
be compared with each other to reveal systematic errors, and the experimental data sets should
be represented in the form of general mathematical regularities. Such a technique serves as a
basis of the probabilistic model of SEP fluxes developed at the MSU.

The developed model answers the basic question, what is the probability of occurrence
of any given value of peak flux or total (cumulative) fluence of particles during a given time
interval, characterized by the known or the predicted level of solar activity.

The energy spectra of protons, for different values of occurrence probability, are deter-
mined from the characteristics of an artificial set of a number of realizations of particle fluxes
calculated on the basis of the mathematical regularities obtained from the analysis of experi-
mental data. Each realization of fluxes is determined in the following sequence:
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Fig. 1. Fluxes of solar protons within the interval of 15
MeV ≤ E ≤ 40 MeV recorded on the GOES-7 satellite
in October, 1989. According to the principles applied in
the present work, the period contains four SEP events,
and according to the principles accepted by NOAA (in a
paper by Rosenqvist et al., 2005, in particular) the period
contains only a single SEP event.

1. The random number of events for the given period of time is determined.
2. The random value of the peak flux or fluence for each event is determined.
3. The random parameters of energy spectra for each event are determined.
4. The values of differential and integrated fluxes for the chosen sequence of particle ener-

gies and for each random realization of the mission are calculated.
5. The probabilities of occurrence of the values of SEP fluxes and fluences are determined

from the total set of calculated data.
6. The results are presented in the form of energy spectra of proton fluxes, which will be

exceeded at the user-specified probability.

2 The SEP event concept and the random number of SEP events for the
given period of time.

In the probabilistic SEP event modeling, several definitions of the concept of an SEP event
are used. Here, we shall note two of them: In one of definitions, termed the technological
definition and used, e.g., in the JPL91 (Feynman et al., 1993) and ESP (Xapsos et al., 1998)
models, an SEP event is defined as the time period from the increase of the particle flux above
a given threshold until the subsequent decrease of the flux below the same threshold (technique
A). In the present model, each new increase of the flux of protons with energy higher than 30
MeV (with rare exceptions related to shock wave arrival from a preceding event) is assumed
to constitute a new SEP event (technique B). The use of this technique leads to the same set
of SEP events that was obtained by Bazilevskaya et al. (1986) by comparing the proton fluxes
with X-ray bursts. Figure 1 presents the simplest example for selecting the events occurred in
October, 1989: when separating the events from the data by technique A, this period contains
only one event, but when separating them by technique B, the period contains four events.

However, it is also of importance that, irrespective of the technique of separating SEP
events, we have an identical dependence of the rate of SEP events on the solar activity
(monthly average smoothed Wolf numbers), i.e., that the mean rate of SEP events is propor-
tional to the solar activity. This is demonstrated in Fig. 2, which presents these dependencies
calculated for SEP events determined both by technique A (Rosenqvist et al., 2005) and by
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Fig. 2. Dependence of the rate of SEP events on the
solar activity level. Circles represent the data from the
paper by Rosenqvist et al. (2005) and the dark squares
those corresponding to the data of Mottl (2005).

technique B (Mottl, 2005) for the set of SEP events with E > 10 MeV for proton fluences
of >107 protons cm−2, recorded during the period from Nov. 1973 to May 2003 on-board
the satellites IMP-8 (the CPME instrument) and GOES (the DOME and TELESCOPE instru-
ments). Note, that in the JPL91 and ESP models it is assumed, that for W ≥ 40 the rate of
events is invariable (ν ≈ 7 events per year), and for W < 40 the events can be neglected
(ν ≡ 0).

Taking into account that the event distribution function Ψ (see Fig. 3 below) for low values
of peak fluxes and fluences (both denoted by Φ) has the form of Ψ ∼ Φ−0.32 (see Eq. (2)),
we can compute the average number 〈n〉 of events during m months, each with the monthly
average Wolf numbers 〈Wi〉. With the threshold proton fluence at ≥30 MeV of F30 ≥ 105

protons cm−2, or with the threshold peak flux f30 ≥ 0.12 protons cm−2 s−1 sr−1 the result is

〈n〉 = 1.35 · 10−2
m∑
i

〈Wi〉 . (1)

Knowing the mean expected number of events, the number of events for each model real-
ization can be calculated either according to the normal (Gaussian) or Poisson’s distribution.

3 The event distribution function and its properties

Figure 3 presents the normalized distribution of SEP events, Ψ , as a function of ≥30-MeV
proton fluence, i.e., Φ30. The function, used in our model to arrive at the approximation (1) of
the experimental data, is given as

Ψ(≥ Φ30) = Const. · Φ−δ
30 exp

(
−Φ30

Φ0

)
(2)

where δ = 0.32 and Φ0 = 9 · 109 protons cm−2 are the distribution function parameters for
proton fluences, andΦ0 = 8.7·103 protons cm−2 sr−1 s−1 is the parameter for the peak proton
fluxes (while δ remains the same for both distributions). Here, it is necessary to point out that
in the JPL91 and ESP models the event distribution function is expressed, respectively, by the
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Fig. 3. Normalized distribution of SEP events in fluences
of protons with E ≥ 30 MeV based on SEP events
recorded during 1974–1985 on-board the IMP-8 satellite
and during 1986–2005 on-board the GOES series satel-
lites.

lognormal function and by a function describing the maximum entropy principle applied to
the power-law distribution. These functions noticeably differ from function (2) in the region of
high values of particle fluxes, i.e., in the region of extreme SEP events. For a further discussion
of the event distribution, see Nymmik (2007a,b).

The distribution functions, being determined for various periods (or phases) of solar ac-
tivity and subsequently divided by a total number of sunspots for the corresponding period of
observation, are identical within the limits of statistical accuracy. This implies that the shape
of the SEP event distribution function is invariant with respect to solar activity, i.e., for any
solar activity period one can make use of the same function (2); in particular, the relative
probability of occurrence of extreme events is the same for any solar activity level. So, the
random value of peak flux and/or fluence of each event is determined as a random quantity
from the distribution (2) (see, for example Nymmik, 2007a,b).

4 Parametrizing the energy spectra

Having analyzed particle (protons and heavy ions) peak fluxes and fluences in hundreds of
SEP events measured by various instruments, we have repeatedly demonstrated (Nymmik,
1993; Mottl et al., 2001) that a power-law function in particle rigidity (R [MV]),

dΦ

dE
=
C

β

(
R

R0

)−γ

, (3)

most successfully describes all SEP energy spectra at energies ≥ 30 MeV. Here R =√
E(E + 2mc2) is the proton rigidity, β = R/

√
R2 +m2 is the relativistic velocity;

R0 = 239 MV corresponds to E = 30 MeV for solar energetic protons. Function (3) was
shown to be also valid at energies <30 MeV (R < 239 MV) under the assumption that in this
energy range the spectral index depends on the energy (the droop effect):

γ = γ0

(
E

30

)α

(4)

where α is the spectral droop index and γ0 is the spectral index at E ≥ 30 MeV.
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Fig. 4. (left). The integrated peak proton fluxes for the SEP event on May 21, 1990. The markers denote
the METEOR data (circles), the GOES data (squares), the IMP-8 data (black squares), the balloon data
(triangles), and the neutron monitor data (black circles). The energy spectra are shown as power-law
functions of momentum (rigidity) (curve 1) and energy (curve 2), and as a rigidity exponent (curve 3).

Fig. 5. (right). Distribution of SEP events in spectral indices.

Figure 4 shows the spectrum of peak proton fluxes for a typical SEP event (May 21, 1990).
The data have been measured by various instruments and are well approximated by functions
(3) and (4).

The spectral indices of the proton fluence or peak flux energy spectra are distributed ac-
cording to the log-normal, rather than normal law, namely (see Fig. 5):

Ψ [log γ0] =
1√

2πσγ

· exp
(
− (log γ0 − 〈log γ0〉)2

2σ2
γ

)
(5)

The mean spectral index γ, independent of the SEP event fluence or peak flux value, is 〈γ0〉 =
5.9 or 〈log γ0〉 = 0.77, and σγ = 0.15.

If the spectral index γ0 and the fluence F30 or the peak flux f30 are known, the spectral
coefficient C of the differential SEP event proton fluence or peak flux spectrum (Eq. (3)) is
determined as:

C =
Φ30 · (γ0 − 1)

239
(6)

The random values of parameters α, which are required for determining the random fluxes
of protons in the region E < 30 MeV, have been determined each time also by using the
graph of the random values of the log-normal distribution. However, in this case the mean
value depends both on the considered value of the quantity Φ (peak flux or fluence) and on
the spectral index γ0, i.e. 〈α〉 = funct(Φ, γ0). The form of this function and the methods of
drawing the random values α can be found at the author’s website.1

1 http://srd.sinp.msu.ru/nymmik/
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Fig. 6. (left) The selected energy probability functions for proton fluences in the case, where the model
parameter is 〈n〉 = 32.

Fig. 7. (right) The model output energy spectra for the proton fluence in the case of model 〈n〉 = 32 for
various probabilities of the fluences to exceed the given values.

5 Determination of the distribution of the possible values of fluxes

In the process of determination of energy spectra of the events, the data on peak fluxes and/or
fluences of protons are accumulated for some sequence of threshold energy values. After
performing calculations for the total set of realizations – N (the ”conditions of the certain
time period with a certain solar activity –

∑
iWi”), the distributions of all possible values of

expected fluxes are constructed for each energy (in Fig. 6) from the sets of values of fluxes. As
an example,the figure presents such distribution functions calculated for the period, for which
the mean number of events (with Φ ≥ 30 MeV ≥ 105 cm−2) is 〈n〉 = 32.

6 Calculation of energy spectra of fluxes exceeding the spectra at the
given probability

Such families are expedient to be re-calculated into energy spectra, the fluxes in which occur
at the same probability (horizontal lines, Fig. 6). The particle fluxes, calculated in such a
manner, can be expressed using formulas (3) and (4) in the analytical form, that facilitates
using the results of the model in subsequent applied calculations. Fig. 7 gives the final model
output for the probability distributions shown in Fig. 6, i.e., the SEP fluence energy spectra
for various probabilities of the fluences to exceed the given spectra.

The users of the model are not obliged to carry out the whole set of calculations of energy
spectra parameters. The parameters of these spectra are pre-calculated and tabulated in the
model for the sequence of expected mean numbers of events (〈n〉 = 1, 2, 4, 8, 16, 32, 64,
128, and 256), and the sequences of most frequently used values of probability (ψ = 0.9,
0.84, 0.5, 0.16, 0.1, and 0.01). The energy-spectral parameters for 〈n〉 and ψ values, which
are intermediate to the tabulated values, can be calculated by interpolating the tabulated data.
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Therefore, it is sufficient for a user of the model to calculate the expected mean number of
events by formula (1) and to specify the level of probability.

7 Conclusion

The present paper presents a technique for the calculation of SEP fluxes and fluences, whose
occurrence during the given time period is expected at the given probability, under the fore-
casted level of solar activity. The results of the model calculations are the parameters of dif-
ferential energy spectra, which allow on-line calculations of the characteristics effect of SEP
fluxes on a substance, on instruments and on living organisms in the space environment to
be performed. Interested users can carry out all calculations they wish through an interactive
user interface at the author’s website, http://srd.sinp.msu.ru/nymmik/.
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Summary. High energy electrons trapped inside the Van Allen radiation belts are a hazard for satellites
and astronauts. During magnetic storms the electron flux can change by up to five orders of magnitude
as a result of acceleration, transport and loss processes. Here we review recent work to understand the
basic physical processes, and how they are being incorporated into global models to specify and predict
variations in the Van Allen radiation belts.

1 Introduction

The electron flux variations in the outer radiation belt can vary by over five orders of mag-
nitude on a time scales ranging for a few minutes to a few days (Baker and Kanekal, 2007).
These variations have been linked to satellite malfunctions, and in some cases total loss, and
are also a hazard for astronauts in space. Thus it is important to understand the physical pro-
cesses responsible for these variations so that better models can be developed to specify the
state of the radiation belts, and periods of high risk for satellite operators, designers and in-
surers.

2 Electron acceleration

Electron flux variations in the radiation belts are a result of an imbalance between acceleration,
transport and loss processes. It has been established that electron acceleration occurs inside
the magnetosphere (Li et al., 1997) and several acceleration mechanisms have been proposed
(see the reviews by Li and Temerin, 2001; Friedel et al., 2002; Horne, 2002). Until recently
betatron and Fermi acceleration as a result of transport across the magnetic field (radial dif-
fusion) towards the Earth has been the most widely accepted theory for electron acceleration.
This process is much more efficient when ULF waves at frequencies of a few Hz are present
(Elkington et al., 1999), and there is a high correlation between the occurrence of ULF waves,
flux increases, and the speed of the solar wind (Mathie and Mann, 2000). To diffuse electrons
towards the Earth the electron phase space density must increase with increasing L. However,
recent observations show that the particle phase space density peaks in the inner region near
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Fig. 1. Schematic diagram showing the re-
gions in MLT where different types of waves
can scatter relativistic electrons through res-
onant interactions. The light and dark blue
lines show the convection of injected ring
current electrons and ions. The coloured re-
gions show different types of waves which
scattere electrons via Doppler shifted cy-
clotron resonance, and the wavy lines refer to
ULF waves. After Shprits et al. (2006a).

L = 4.5 and not in the outer region as required by inward radial transport (Green and Kivel-
son, 2004; Iles et al., 2006). This suggests that a local acceleration mechanism is required,
and has opened up an exciting new research area.

Acceleration by wave-particle interactions is the leading candidate for local acceleration
(Horne and Thorne, 1998; Summers et al., 1998). In this theory waves at frequencies com-
parable to the electron cyclotron frequency resonate with the electrons via Doppler shifted
cyclotron resonance. The process breaks the first, and therefore all three, adiabatic invariants.
There are five different wave modes that could contribute to local acceleration, but the most
promising candidate so far is whistler mode chorus waves (Horne and Thorne, 1998; Horne et
al., 2003a,b, 2005a,b, 2006; Shprits et al., 2006a,b; Summers et al., 1998, 2004). In this theory
a source of low energy electrons (∼10 keV) from the plasma sheet is injected into lower L
shells by convective (and inductive) electric fields during substorms. These particles form the
seed population. As the particles are injected into regions of higher magnetic field strength an
anisotropic distribution develops, peaked perpendicular to the magnetic field, which excites
whistler mode waves via Doppler shifted cyclotron resonance (See Fig. 1, after Shprits et al.,
2006a). The waves grow by scattering low energy (∼10 keV) electrons at small pitch angles
into the atmosphere, but at the same time they are able to resonate with, and scatter, much
higher energy electrons at large pitch angles which remain trapped inside the magnetic field.
In effect there is a transfer of energy from a large number of low energy electrons at small
pitch angles to accelerate a fraction of the population at large pitch angles to higher energies.
Providing the wave power is enhanced for a sufficient amount of time the electrons can be
diffused to higher energies and result in a net increase in flux.

Over the last few years several pieces of research support the idea of wave acceleration.
First, chorus wave power is most intense between L = 4 − 6 from midnight MLT, through
dawn to the early afternoon sector, corresponding to the peak of the outer radiation belt. Sec-
ond, chorus wave power increases with magnetic activity outside the plasmapause (Meredith
et al., 2001, 2003a,b,c) in regions where the ratio of the electron plasma frequency to gyro-
frequency is low, which is the condition required for efficient electron diffusion to higher
energies (Horne et al., 2003b). Third, wave acceleration predicts ’flat top’ pitch angle dis-
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tributions that are flat between about 60–90 degrees, and which are energy dependent. Such
distributions have been observed during magnetic storms (Horne et al., 2003a). Fourth, care-
ful modelling of the observed wave power which takes account of both bounce averaging and
MLT variations gives a timescale for electron acceleration of the order of 1–2 days, which is
comparable to the observed timescale for acceleration (Horne et al., 2005b).

Until now acceleration by whistler mode waves has been the most studied local acceler-
ation process, and this has been treated in quasi-linear diffusion. However, highly non-linear
interactions with individual chorus elements are also important for acceleration (Katoh and
Omura, 2007) and require more research. Furthermore, other processes such as transit time
damping may also be important (e.g., Summers and Ma, 2000).

3 Electron loss

As an electron drifts around the Earth it may encounter several different types of waves.
Some waves, such as whistler mode chorus contribute, to acceleration but others, such as
plasmaspheric hiss and electromagnetic ion cyclotron waves, contribute to electron loss to the
atmosphere. In addition, outward radial diffusion onto open drift orbits as a result of changes
in the outer magnetopause boundary may also contribute to electron loss.

Inside the high density plasmapause there are three types of waves that can contribute to
electron loss via scattering into the loss cone. They are plasmaspheric hiss, lightning generated
whistlers, and whistler mode waves from ground based transmitters (Abel and Thorne, 1998).
Hiss tends to dominate the loss rates in the outer plasmapshere at energies of a fee hundred
keV to a few MeV (Meredith et al., 2006), but lightning becomes more important for lower
L. Transmitters tend to dominate at low L, typically less than L = 2.

In the region where the plasmasphere overlaps with the ring current, electromagnetic ion
cyclotron waves, at frequencies between the proton gyro-frequency, and the Helium gyrofre-
quency, and between the Helium gyrofrequency and the Oxygen gyrofrequency are very ef-
fective in scattering radiation belt electrons into the loss cone (Summers and Thorne, 2003;
Albert, 2003; Glauert and Horne, 2005). However, there is little observational evidence for
these waves and more data is required to assess their importance on a global scale.

Outside the plasmapause, whistler mode chorus can also contribute to electron loss as well
as acceleration. Whether loss exceeds acceleration depends on several factors, but losses tend
to dominate when fpe/fce is large. Thus information on the plasma density during magnetic
storms is very important for determining losses to the atmosphere. EMIC waves are also
observed outside the plasmapause, but they are then restricted to scattering electrons with
higher energies, typically above 1 MeV, into the loss cone (Meredith et al., 2003b).

4 Global Modelling

For a long time a balance between inward radial transport and electron loss to the atmosphere
has been recognised as an important process governing the structure of the quiet time radia-
tion belts (Lyons and Thorne, 1973). Recently several models have been used to study flux
variations in the radiation belts where loss due to wave-particle interactions is treated as a
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simplified loss term. These models show that the flux in the heart of the radiation belts is un-
derestimated when satellite data at geostationary orbit is used as an outer boundary (Brautigam
and Albert, 2000; Shprits and Thorne, 2004; Shprits et al., 2006b), and thus additional local
wave acceleration processes must be incorporated into radiation belt models.

One of the most comprehensive global models of the radiation belts is Salammbô (Beutier
and Boscher, 1995; Bourdarie et al., 1997, see also Appendix A). This model is based on a
Fokker-Planck equation where originally radial transport (radial diffusion), Coulomb colli-
sions, and losses due to plasmaspheric hiss were included as diffusion processes. Wave accel-
eration and loss due to whistler mode chorus waves has now been included into Salammbô
using diffusion coefficients from the PADIE code (Glauert and Horne, 2005), and a database
of whistler mode chorus waves (Meredith et al., 2001, 2003c), and shows that wave accelera-
tion is viable process to increase the flux on a global scale during magnetic storms (Varotsou
et al., 2005). Salammbô has also been used to model the radiation belts as a co-rotating inter-
action region interacts with the Earth’s magnetosphere, and also shows that wave acceleration
can result in a major increase in the radiation belt electron flux during weak long duration
magnetic storms (Horne et al., 2006).

Work on including wave processes into global models is at an early stage and there are
many uncertainties over the distribution of wave power in MLT, the latitude distribution of the
waves, and the effectiveness of different types of wave modes. It is essential that databases of
all the different wave modes that can contribute to electron acceleration and loss are developed
so that models can be improved. There is also a need to continue measuring the energetic
particles and the seed population of electrons that power the waves. This in turn must be
matched by developments in modelling to incorporate the data, and reproduce flux variations
during magnetic storms and other disturbances more accurately. This is essential to develop a
space weather prediction capability.

A Salammbô

Salammbô is a set of codes devoted to the understanding of radiation belt creation and dy-
namics, which occurs during magnetic activity periods. It solves the classical Fokker-Planck
diffusion equation, either for proton or electron radiation belts, in the 3D phase space. The
equation is written in terms of the three adiabatic invariants, corresponding to energy, pitch
angle and L McIlwain parameter, so this version is a real 2D in space, where the results are
averaged on the longitude (local time). There are two versions of the code, one for protons
and the other for electrons.

For the proton version, sources are taken as plasma sheet night side injections and solar
particle entrance occurring during magnetic storms or substorms, and the well known CRAND
(Cosmic Ray Albedo Neutron Decay) phenomenon. Particle transport is assumed to be due to
radial diffusion, either given by magnetic or electric perturbations, and to frictional process
related to Coulomb interaction with neutrals from the exosphere and cold electrons from the
plasmasphere. Losses correspond to the charge exchange phenomenon, a proton giving its en-
ergy to a cold hydrogen atom, the resulting cold proton being lost from the radiation belt point
of view. Another loss taken into account is inelastic nuclear interactions with Other losses are
efficient when the particle precipitates on the Earth (in fact, on the high atmosphere, near 100
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km). All these processes are well known from the physical point of view, so they are exactly
calculated in the code. Nevertheless, their inputs are less known and they come from different
models. For the injections, distribution functions derived from plasma sheet populations are
used at the boundary condition, set atL = 8. For the CRAND process, an incident cosmic neu-
tron flux is derived from calculations. For the friction, the charge exchange and the inelastic
nuclear interaction processes, exosphere neutral model is needed. From Mass-Spectrometer-
Incoherent-Scatter neutral atmosphere model MSIS-86 (Hedin et al., 1987) – better at high
altitudes than MSIS-90 – and using a hydrostatic model, all the neutral constituents are de-
termined. As for the plasmasphere, we used the Carpenter model (Carpenter and Andersson,
1992), though difficult to extrapolate to non equatorial regions. For the solar particle entrance,
a magnetic activity dependent magnetospheric shielding was determined from measurements
and modelling. Finally, the most uncertain coefficients are the radial diffusion ones. They were
in a first step derived from the work of Schulz and Lanzerotti (1974) and a magnetic activity
dependence was added in a second step. Different advances were made with that code, from
the influence of the magnetic field or the solar activity to the direct entrance of solar energetic
particles during magnetic active periods (Vacaresse et al., 1999).

For the electrons, CRAND was determined to be not efficient, so the only source corre-
sponds to storm and substorm injections. Frictions due to Coulomb interactions are once more
used, derived from MSIS + hydrostatic model. Radial diffusion is also used here to transport
particles across L shells. For electrons, pitch angle diffusion is here added. This can be due to
Coulomb interactions with the neutral atoms or cold plasmaspheric electrons. These particles
being many times lighter than protons, they can undergo changes in the pitch angles when
interacting with electric field surrounding free electrons or bounded electrons from neutrals.
They undergo also pitch angle diffusion when interacting with electromagnetic fields related
to the presence of waves. These two pitch angle diffusions directly precipitate electrons into
the loss cone. This is an efficient process for the electron loss, directly responsible for the slot
region. In the current version, energy diffusion due to the interaction of electrons with whistler
mode chorus waves present outside the plasmasphere are also considered (see the main body
of the text). The different input models are also time dependent, like radial diffusion or char-
acteristics of the wave, which vary with magnetic activity (Varotsou et al., 2005), and neutrals
and the internal magnetic field, which vary with solar activity.
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Summary. Despite of the fact, that the analysis of the properties of the Earth’s electromagnetic environ-
ment has a long history, the physical phenomena relevant to wave–particle interactions in the radiation-
belt region and in the projected ionospheric region are still not sufficiently understood. In particular,
a description of the energy transfer in the ionosphere–magnetosphere coupling processes should be a
major task for investigations in the near future.

Using the wave and plasma diagnostics on-board past low-orbiting satellite missions AUREOL-
3, APEX, MAGION-3, CORONAS-I and F, and the currently operating DEMETER satellite, selected
physical processes taking place in the topside ionosphere are described. The aim of this paper is to
analyze the ionospheric plasma response to the radiation belt particles. We present different types of
ionospheric turbulence and instabilities generated by solar, anthropogenic, seismic and thunderstorm
activities. The analysis of presented physical processes can enable new operational models for the Space
Weather program to be developed.

1 Introduction

Wave particle interactions in the radiation-belt region are one of the key parameters in un-
derstanding the global physical processes governing the near-Earth environment. The fluxes
of outer radiation belt electrons increase in response to changes in the solar wind and the in-
terplanetary magnetic field, and decrease as a result of scattering into the loss cone and the
subsequent absorption by the atmosphere. Recent observations and analyses show that in the
radiation belt regions the ULF and VLF waves can accelerate particles up to relativistic en-
ergies (Horne and Thorne, 2003; Summers et al., 2007). The analysis carried out by O’Brien
et al. (2003) indicates that electron acceleration for low L shell, less than 4.5, is mainly as-
sociated with ULF waves and microbursts, while for larger L, i.e., about 4.5, chorus waves
are dominant. On the other hand, electromagnetic ion-cyclotron waves can be responsible for
loss processes in the radiation belt regions (Meredith et al., 2003). Furthermore, the artifi-
cially generated VLF and ELF signals, lighting, and plasmaspheric hiss can contribute to the
loss process in the inner belt and slot region of the magnetosphere (Imhof et al., 1984). The
most important question in relation to the understanding of physical processes in the radiation
belt regions concerns the estimation of the the ratio between acceleration and loss processes.
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Moreover, the physical processes of wave-particle interactions in the inner and outer radiation
belts can also trigger irregularities and turbulence in the topside ionosphere.

The aim of this paper is to present a review of different types of physical processes de-
tected in ionospheric plasma driven by energetic particles, or by electromagnetic waves gen-
erated in the radiation belt regions. We discuss the effects of man-made noises registered in
the ionosphere, correlations between seismic activity and bursts of gamma rays, and finally,
the consequences of lighting discharge in the atmosphere for the acceleration processes in the
radiation belt regions. In order to show an example of the coupling between inner magneto-
sphere and ionosphere, instabilities inside the main ionospheric trough during geomagnetic
disturbances are analyzed.

2 Results

2.1 Electromagnetic pollutions detected in ionospheric plasma

The Earth’s ionosphere is subjected to various man-made influences. Electromagnetic emis-
sions observed in the nearest Earth environment are a superposition of natural emissions and
various types of man-made noises.

The HF diagnostics on-board low-orbiting satellites in the topside ionosphere have de-
tected increased intensities of about 20 dB/µV above the background radiation over the Euro-
Asia region (Klos et al., 1997; Rothkaehl et al., 1997, 1999). As an example, in Fig. 1, the
maps of HF noises before a strong geomagnetic storm on 31 March 1994 are presented for
the 0.1–15 MHz band registered on-board CORONAS-I satellite. The figure shows natural
plasma emissions as well as artificially generated plasma instabilities and electromagnetic
fluxes transmitted primarily to the ionosphere by the network of broadcasting stations. En-
hanced HF emissions are weaker in the southern hemisphere, but the observed correlation is
still pronounced. These remarkable enhancements of the HF background emission are corre-
lated with the position of the maximum flux of precipitating high-energy particles in the outer
radiation belts, as observed in the 0.5–1.5 MeV energy range.

The enhancement of background radiation is prominent in the eastern hemisphere. The
observed effect is markedly visible and stronger in the night-side ionosphere. Strong geo-
magnetic disturbances can broaden the area of the observed intensification of HF noises in
comparison with the geomagnetic quiet time, but the intensity of the observed enhancement
is not affected by geomagnetic disturbances.

The model proposed by Rothkaehl and Klos (2003) indicates that the observed broad-
band emissions in HF frequency range are a superposition of natural plasma emissions and
man-made noises. Permanent pumping of the electromagnetic waves from the ground to the
ionosphere and the penetration of energetic particles from the radiation belts can, as a con-
sequence, disturb top-side ionosphere and lead to the generation of ionospheric plasma tur-
bulence. Unfortunately, all HF frequency experiments were performed without good low fre-
quency ionospheric plasma diagnostics. The examination of the data gathered on ARCAD-3
satellite helped to find the emissions in the VLF frequency range correlated it with broadband
HF emissions detected over Europe and Asia region (Rothkaehl and Parrot, 2005). Assuming a
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Fig. 1. The global distribution of the intensity of the electromagnetic emissions (integrated in the fre-
quency range 0.1–15 MHz) recorded by SORS-1 instrument on board the Coronas-I satellite at 500 km
altitude during night-time sector, under quiet geomagnetic conditions on 30 March 1994. The location of
the maximum of the outer radiation belt determined by the high-energy particle detection in the 0.5–1.5
MeV energy range, on board Coronas-I satellite is marked by cross points.

simple model of two-component ionospheric plasma (cold background plasma and suprather-
mal electron beams) the coefficient of electromagnetic radiation created by the scattering of
suprathermal electrons on the Langmuir or ion-acoustic turbulence was calculated. The the-
oretical analysis showed that this process is effective to create broadband emissions in the
high frequency range. The consideration shows that the emitted power of observed broadband
emission is in order of 10−18 W m−2 Hz−1. Moreover, theoretical analysis shows that the
generation of ion-acoustic turbulence is far more effective (Rothkaehl and Klos, 2003). The
radiation belts can be a natural source of hot electrons, furthermore, the permanent pumping
of strong electromagnetic waves into the atmosphere can cause an increased flux of precipi-
tating energetic particles. The scattering of suprathermal electrons from the radiation belts on
ion-acoustic or Langmuir turbulence is proposed as a mechanism of generation of broadband
HF emissions.

2.2 The HF electromagnetic emissions and high energy electrons distribution

In the top-side ionosphere, the properties of ionospheric plasma can be affected by the domi-
nation of dense plasma (i.e., where the electron plasma frequency is greater than the electron
cyclotron frequency). The analysed HF range covers high-frequency whistler waves, as well
as Langmuir and upper hybrid modes of the natural plasma emissions. On the other hand, the
non-linear plasma interaction can appear as a broadband turbulent spectrum.

Gamma-ray fluxes observed in the near-Earth space experiments are a superposition of
atmospheric and local emissions produced in the interaction of primary and secondary cosmic
rays, the Van Allen radiation, or the interaction of solar cosmic rays with the material of
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the instrument and the satellite body. Atmospheric gamma rays are produced by interactions
of cosmic ray protons, alpha particles, and electrons with oxygen and nitrogen nuclei in the
atmosphere. At higher energies, gamma rays are created mainly by the decay of π0 mesons
from high energy nuclear interactions, while at lower energies the gamma rays are produced
primarily by electron bremsstrahlung. (Bucik et al., 2000)

The analysis of electron fluxes with energy 30–500 keV registered on board ACTIVE
satellite indicated two regions of flux maxima at L = 1.3 and L = 1.6 − 1.8 for different
altitudes from 500 km up to 1100 km (Grigoryan et al., 2007). On the other hand, the analysis
of the HF wave observations gathered on-board low-orbiting satellites APEX, ACTIVE, and
CORONAS-I showed that the maximum of mean HF emissions, in the frequency band around
the local gyrofrequency, mainly occurs during the night time and is related to the position of
the radiation belts. Also, minor enhancements of these emissions are observed close to the
geomagnetic equator (below the electron density equatorial anomaly) and close to the South-
Atlantic Anomaly (SAA) region (Rothkaehl et al., 2006).

2.3 The ionospheric plasma response to seismic activity

Recent monitoring of the space plasma environment has shown that the electromagnetic noises
detected at the ionospheric altitudes can also be caused by cataclysmic processes occurring on
the surface of the Earth (Pulinets, 2007). A case study of HF-wave and gamma-ray measure-
ments performed on-board CORONAS-I satellite shows enhancements of the whistler wave
activity and soft gamma-ray fluxes, simultaneously, in ionospheric plasma over the seismic
centre. One examples of such events is presented in Figure 2 (Rothkaehl et al., 2006).

Parallel to the well-known effects related to the seismic activity in the topside ionosphere,
such as small-scale irregularities generated by acoustic waves and large-scale irregularities
generated by anomalous electric fields, the modifications of magnetic flux tubes are also com-
mon features (Pulinets et al., 2002). The intensification of precipitating high-energy electrons
and protons with simultaneous excitation of ELF and VLF noises above the earthquake epi-
centre was previously registered in the top side ionosphere as well. So it seems that changes
in the magnetic flux tube topology can lead to increased precipitation of energetic electrons
and, as a consequence, can yield excitation of the HF whistler mode very close to the local
electron gyrofrequency. The precipitating energetic electrons generate the excitation of the
HF whistler mode emission, via the incoherent Cherenkov mechanism. The proposed process
has a cascade-like character (Rothkaehl et al., 2006).

2.4 The atmospheric discharge processes

Theoretical investigation and some observation campaigns show that whistler signals, gen-
erated by lightning discharges, can contribute significantly to the energetic balance in radia-
tion belt regions. However, observations of hard X-rays associated with electron precipitation
caused by lightning flashes are rare.

Electromagnetic energy originating in lightning discharges escapes into the magneto-
sphere and propagates as a whistler mode wave. The whistler mode pitch-angle scatters (and
thus precipitates) energetic electrons, thereby generating bremsstrahlung hard X-rays. The
theoretical investigation demonstrates that near the equatorial plane of the magnetosphere,
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Fig. 2. Global distribution of spectral intensity integrated in the frequency range 0.1–2.0 MHz (up to
the local electron gyrofrequency) during quiet geomagnetic conditions. The spectra were registered at
various night times on 31 March 1994, by SORS instrument on board the CORONAS-I satellite. The
position of maximum HF wave activity and the epicentre of the earthquake is marked by star, bottom
panel. The upper panel presents gamma-ray fluxes in the 0.12–0.32-MeV energy range, detected 12
hours after the main shock of seismic activity (the earthquake occurs at 22:41 UT) by SORS instrument
over the seismic epicentre. The arrows mark the enhancement of BLC electron fluxes over the seismic
epicentre at L ∼ 1.56 (two peaks on the same field line at ∼200 degrees), at 11:42 UT in the southern
hemisphere and at 12:00 UT in the northern hemisphere.

whistler components above the nose frequency can accelerate energetic electrons. This ac-
celeration takes place when the gyro-resonant electrons are trapped by the wave field. The
acceleration rate in this regime is much larger than stochastic acceleration in the untrapped
regime (Trakhtengerts et al., 2003). Highly anisotropic distributions of van Allen radiation
belt electrons with ’pancake’ pitch angle distributions can result from such an acceleration.

Examination of October–December 2002 SONG (SOlar Neutron and Gamma rays) data
aboard CORONAS-F satellite has revealed many X-ray enhanced emissions (30–500 keV) in
the slot region (L ' 2–3) between the Earth’s radiation belts (Bucik et al., 2006). In one case,
CORONAS-F data were analysed when the intense hard X-ray emissions were seen west-
ward of the SAA in a rather wide L shell range from 1.7 to 2.6. Enhanced fluxes observed on
12 November were most likely associated with a Major Severe Weather Outbreak in Eastern
USA, producing extensive lightning flashes, as was documented by simultaneous optical ob-
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servations from space. We propose that whistler mode waves from these lightning discharges
cause precipitation of energetic electrons from the radiation belts, which, in turn, produces
atmospheric X-rays in the southern hemisphere. The future investigation and simultaneous
registration of X-rays and HF waves can, thus, give us new information about the physics of
radiation belt regions. The experiments devoted to the investigation of the relationship be-
tween thunderstorm activity and the appearance of highly anisotropic energetic electrons and
wave activity can be a milestone towards understanding the physical processes of the near-
Earth environment.

2.5 Links between the main ionospheric trough region and the plasmapause region

Mid-latitude trough region seems to be one of the regions where ionosphere–magnetosphere
coupling processes can be observed, particularly during varying geomagnetic parameters. The
mid-latitude electron density trough observed in the topside ionosphere has been shown to be
the near-Earth signature of the magnetospheric plasmapause, and thus its behaviour can pro-
vide useful information about the magnetospheric dynamics, since its existence is dependent
on magnetospherically induced motions (Quegan et al., 1982; Tulunay et al., 2003).

Main ionospheric trough is a night-side phenomenon. This depletion in electron density is
very often inversely correlated with electron temperature. The main ionospheric trough feature
is a very dynamic structure. It is well-known that the trough structure moves to lower altitudes
with both the increasing level of geomagnetic activity and the increasing time interval from
the local magnetic midnight. As is usually observed, the main ionospheric trough moves to
lower latitudes during the main phase of a geomagnetic storm. The observations carried out
on-board DEMETER satellite indicate an intensification of broadband VLF and LF waves in-
side the trough region during increased geomagnetic activity, see Fig. 3. The same effect, but
only in HF and VLF frequency bands, was detected by wave experiments located on-board
MAGION-3 satellite (Rothkaehl et al., 1997). The examination of HF radio emissions regis-
tered on-board MAGION-3 indicates an enhancement of HF emissions at frequencies higher
than the local upper hybrid limit. These broadband emissions were detected very close to, but
inside, the projected border of the plasmapause to the ionospheric level. Lingering broadband
emissions inside the plasmasphere close to the plasmapause after strong geomagnetic distur-
bances have also been detected. They have been registered inside the trough up to the border
of the auroral oval. These types of emissions are mainly correlated with low-frequency ra-
diation, which is excited by the wave-particle interactions in the equatorial plasmapause and
moves to the ionosphere along the geomagnetic field line heating the particles (mainly pro-
tons). As a consequence of this process we can observe the enhancements of electron acoustic
or Langmuir turbulence in the topside ionosphere (Kazanov et al., 1994). Finally, suprather-
mal electrons can interact with such electrostatic waves and excite broadband HF emissions.

3 Summary

A description of near Earth space plasma behavior is a subject of investigation, both as a con-
stituent of the geophysical environment, and as an element of physical processes in which
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Fig. 3. The sequence of wave and plasma measurements was registered onboard Demeter satellite on 24
August 2005 during the growth phase of the geomagnetic storm. The arrow marks the position of the
main ionospheric trough.

particles and waves participate. Whistler-mode hiss, chorus, and EMIC waves are now be-
lieved to act in processes of electron acceleration and loss in the radiation belts at rates greater
than hitherto estimated. The feedback between the radiation belt region and the Earth atmo-
sphere can be very important, although it is still not fully understood.

In order to mitigate the radiation hazards to space-borne experiments and space explo-
ration programs, we need to elaborate on a new radiation belt model including, apart from a
description of different types of physical processes driven by energetic particle fluxes, also a
description of wave-particle interactions at ionospheric altitudes.

Recent investigations have shown that also human activity can perturb the near-Earth
space environment. They indicate that the observed significant enhancements of electromag-
netic turbulence over Europe and Asia are caused by permanent pumping of electromagnetic
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waves into the ionosphere by a system of broadcasting stations. This effect can be intensified
by precipitation of energetic particles from the radiation belts.

The correlation between earthquakes and anomalous bursts of trapped particles, precipi-
tating from the lower boundary of inner radiation belt was observed as an intensification of
HF wave activity by in-situ topside experiments. It seems that changes of the magnetic flux
tube topology, correlated with seismic activity, can lead to an increase in the precipitation of
energetic electron fluxes and, as a consequence, lead to an excitation of the HF whistler mode.

Theoretical investigations and some space-borne and ground-based experiments show that
natural whistler waves generated by a lightning discharge in the Earth’s atmosphere can ac-
celerate the trapped radiation belt electrons.

The emissions detected inside the mid-latitude electron density trough, particularly dur-
ing disturbed geomagnetic conditions are generated by local indicators as well as by remote
physical processes localised on the equator of the plasmapause. In order to better understand
the problems discussed above, we urgently need multi-point and multi-scale measurements
carried out by newly designed instruments with an improved temporal and spatial resolution.
This should help us to achieve a comprehensive understanding of the combined natural and
anthropogenic plasma processes and their interactions with the geospace. The community of
users potentially benefitting from these investigations is found in the civilian and the defence
sectors and include the aviation industry, the satellite industry, the HF equipment manufactur-
ers, the HF broadcast and communication services, and the trans-ionospheric radio operation
(GPS, GLONASS, Galileo).
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Summary. Spacecraft responses to the ambient plasma environment are outlined including anomalous
behaviour and failure following plasma induced charging (external and internal). Also sputtering ef-
fects; surface erosion due to oxidation; phantom commands; induced mode switching; loss of altitude
control/orientation; loss of signal phase and amplitude lock; solar cell degradation and common elec-
tronic malfunctions are briefly described.

Surface Charging. The accumulation of electric charge on surfaces exposed to space con-
stitutes the most significant cause of spacecraft anomalies leading to mission failure. Such
charging is a consequence of interactions between spacecraft surfaces and space plasma, geo-
magnetic fields and solar electromagnetic radiation. The plasma environment of an Earth or-
biting spacecraft depends on both its own gaseous products and location. Close to the Earth,
plasma and EUV radiation constitute the major sources of charging currents. In a particu-
lar ambience, a spacecraft can accumulate charge until an equilibrium situation is reached at
which the net current is zero. See the expression developed by Purvis et al. (1984) to approx-
imate this current balance.
Spacecraft Charging in GEO. At ∼35,000 km where the ambient plasma is typically hot,
tenuous and highly variable, the equilibrium potential of a spacecraft is typically a few volts
positive as a result of the balancing pertaining between photoemission and charged particle
collection. Electrons with several keV energies can precipitate during magnetic storms and, if
the spacecraft then enters an eclipse so that the photoelectron current vanishes, surface charg-
ing to a negative potential of the same order of magnitude as the energies of the impacting
electrons rapidly occurs. Such charging can occur differentially leading, thereby, to arcing
which: causes physical damage to spacecraft materials; degradation of solar arrays and the
generation of onboard noise. In such circumstances operational anomalies and even overall
spacecraft failure can ensue.

The well known dawn-side drift of Earthward moving electrons in the geomagnetic field
leads to circumstances that characterize most spacecraft anomalies that are related to surface
charging in the midnight-to-dawn local time sector. On emerging from eclipse, the sunlit sur-
faces of a spacecraft charge up positively due to photoelectric emission. However, some parts
of the structure may remain at a high negative potential through being in shadow. Also, in-
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dividual surface materials may discharge at different rates, thereby creating large differential
potentials. General guidelines concerning the assessment and control of spacecraft charging
in GEO are contained in Purvis et al. (1984).

A relatively recent analysis based on in situ geosynchronous satellite data by Lai and
Della-Rose (2001) indicates that spacecraft charging in a Maxwellian space environment de-
pends solely on a critical (threshold) electron temperature. In this regard, whereas the electron-
induced secondary-electron coefficient controls the onset of spacecraft charging from approx-
imately −1 to −2 kV, the backscattered-electron emission coefficient and the ion-induced
electron emission coefficient control the charging level at potentials beyond −3 to −4 kV.
Spacecraft Charging in LEO. At∼100–1000 km (LEO) the plasma is dense, cool and rather
stable so that low inclination orbits in this regime offer a relatively benign environment with
regard to spacecraft charging. The spacecraft may be regarded as closely coupled to this dense
ambient plasma and surface potentials of, at the most, a few volts are typically displayed. In
high latitude polar orbits although the relevant plasma densities have similar values, intense
fluxes of precipitating energetic (5–10 keV) electrons associated with auroral production can,
in addition, be present. The impingement of these latter particles on spacecraft surfaces can
produce differential surface charging. In LEO a spacecraft moves with a velocity that is in
excess of the velocities of ambient thermal ions although somewhat lower than the velocities
of ambient electrons. A plasma wake characterized by ion depletion can, accordingly, form
behind the spacecraft and in the case of a structure where significant ram induced ion current
collection occurs at the time when a large ion-free wake is created, onboard problems due to
differential charging can become significant (Katz et al., 1985). Recent simulations of wake
formation and their comparison with in situ spacecraft data are contained in Engwall and
Eriksson (2005) and in Engwall et al. (2006).

If a large, energetic precipitating electron current impinges on wake related surfaces at
a time when photoemission is blocked due to eclipse conditions, a catastrophic discharge
can ensue. The consequences of such discharges range from transient operational anomalies
to permanent failure. Discharges can occur via dielectric breakdown (punch through) or be-
tween particular surfaces (flash over). Broadband electromagnetic fields are associatively pro-
duced which can couple with the spacecraft electronics. Effects can include: physical damage
to/degradation of surface materials (e.g. due to sputtering resulting from the attraction to the
spacecraft surface of chemically active species); operational anomalies (such as telemetry
glitches); logic upsets; component failures and spurious commands.

Investigations aboard DMSP spacecraft of charging in ∼840 km orbits at inclinations of
∼90◦ suggest that vehicle size is an important factor with regard to charging. See the discus-
sions of: circumstances that influence environmental interactions between a spacecraft and
its surroundings; the several interaction mechanisms that can occur; consequences for partic-
ular spacecraft and mitigating strategies contained in Stevens and Kilpatrick (1986) and in
Martin et al. (1990). It is noted that damage to surfaces and cables due to impinging microm-
eteroids/space debris can have a significant effect on arcing thresholds.
Internal Charging. Internal Charging occurs when impinging particles have sufficient energy
to penetrate below the surface of a dielectric material and become trapped. Electrons with en-
ergies≥100 keV can penetrate a surface metallization layer∼100 µm thick. Such penetrating
electrons become embedded in thermal blankets, coaxial cables, circuit boards and other in-
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sulating materials. Energetic (1 MeV) electrons can penetrate a 2 mm thick aluminium layer.
Protons require considerably higher energies to achieve similar penetration and since, in ad-
dition, their intensities fall off steeply with energy these latter particles are not perceived to
pose a serious hazard with regard to internal charging.

High energy Van Allen belt electrons can penetrate the skin of a spacecraft and establish a
negative potential on internal dielectric materials/floating conductors. A fluence of 1010−1011

electrons/cm2 with E > 100 keV over a period sufficient to dominate the pertaining dielec-
tric leakage rate can, for instance, build up a charge on metalized areas of a circuit board
that is sufficient to produce local arcing and associatively generate an electromagnetic pulse
enduring for the order of tens of nanoseconds. Internal charging can affect: wire insulation;
electrical connectors; feed throughs etc. Rapid/sustained internal discharge effects, includ-
ing: arcing inside cables and Lichtenberg pattern arcs, give rise to onboard problems ranging
from: the generation of electromagnetic interference, electronic damage; logic upsets; mate-
rial degradation; optical emissions; spacecraft contamination and the generation of unforeseen
forces and torques on individual spacecraft.

An internal discharge is potentially more damaging than an external one since it occurs in
close proximity to sensitive, onboard, electronic circuitry. Studies made in GEO aboard the
CRRES spacecraft indicate that “most environmentally induced spacecraft anomalies result
from deep dielectric charging and resulting discharge pulses and not from surface insulator
charging or single event upsets” (Gussenhoven et al., 1996). For a description of specific situa-
tions within that can potentially result in deleterious surface and internal charging see Stevens
and Kilpatrick (1986) and Martin et al. (1990). A study of solar cycle and seasonal dependen-
cies on spacecraft anomalies generated due to internal charging is presented in Wrenn et al.
(2002).

Initial steps in the matter of taking existing NASA guidelines for preventing surface elec-
trostatic charging (Purvis et al., 1984) and internal electrostatic charging (Whittlesey and Gar-
rett, 1999) and combining these with recent laboratory and in orbit findings, have been made
by Garrett and Whittlesey (2006). The necessary mitigation measures thus derived are there-
after discussed in terms of their implications for the engineering design and testing of future
spacecraft.
Sputtering From Spacecraft Surfaces. Atmospheric constituents impinge on the surface of
an Earth orbiting spacecraft with kinetic energies that vary according to the particle mass and
spacecraft velocity concerned. Excited impacting species display, in addition to kinetic energy,
excitation and ionization potential energies that can reach ∼25 keV/particle. The recombina-
tion of such atoms at the spacecraft surface to form diatomic molecules involves the release
of energy and further energy is released through the formation of surface compounds. In LEO
the majority of the collisional energies involved in gas-surface interactions have values sim-
ilar to the surface binding energies of atoms in a solid. Thus, depending on the degree of
surface localization concerned, it is possible for bond breaking to occur, resulting in the ejec-
tion of atoms and molecules. Early sputtering calculations (Laher and Megill, 1988) relevant
to the most abundant atmospheric constituents indicate that significant surface degradation of
cadmium, thalium, zinc, lead and indium can occur in LEO as a result of exposure times of
the order of months. For magnesium tin, silver and gold corresponding degradation requires
exposure times of years.



222 Susan M. P. McKenna-Lawlor

Atomic oxygen, which is formed when solar UV radiation dissociates molecular oxygen,
is the dominant component in the Earth’s atmosphere between ∼200 and 600 km. A solar
cycle related variation results in a one to two orders of magnitude increase in the numerical
density of atomic oxygen present at∼300 km under solar maximum, quiet, geomagnetic con-
ditions. The impingement of atomic oxygen on a spacecraft depends on the ambient density
and relative spacecraft velocity (∼7.2 km/s in the case of an easterly orbit at 400 km altitude)
and on the orientation of particular spacecraft surfaces (the worst case fluence occurs on a ram
surface at sunspot maximum). Atomic oxygen is highly reactive and produces surface erosion
due to oxidation. Also, as the spacecraft exits/enters Earth eclipse associated thermal cycling
removes oxidized products from the surface, thereby exposing deeper layers to erosion. This
process can, in the case of some materials, weaken structural elements and produce changes in
surface properties that, gradually, adversely influence spacecraft thermal control. Mitigating
design strategies include: judicious pre-selection of surface materials; minimizing the expo-
sure of high voltage surface areas; choosing operating voltages that remain below possible
onboard arcing thresholds and arranging spacecraft grounding to maintain sensitive surfaces
near the plasma-electrical potential.
Phantom Commands. Disturbances due to electrical transients produced in association with
surface and internal charging can appear to spacecraft systems like commands from the ground
(Phantom Commands). These transients often occur in the local time period spanning dawn-
midnight and midnight-dawn during magnetic storms. This is because during these transi-
tions the photoelectric effect is abruptly rendered either absent or present, thereby potentially
triggering an electrical discharge. Also, data recorded aboard GOES spacecraft indicate that
there is a close correlation between Phantom Commands and occasions when electrons with
E > 2 MeV penetrate the skin of a spacecraft. Further, thruster firings can produce changes
in the local plasma environment that trigger arc discharges, in consequence of which control
of spacecraft power and propulsion systems as well as control of individual scientific instru-
ments can be lost. Also, Induced Mode Switching can occur, such that a spacecraft puts itself
into standby mode, or otherwise changes its anticipated operational behaviour.
Loss of Altitude Control/Orientation. Variations in the pressure of the solar wind can cause
the position of the sunward boundary of the magnetopause (normally located at∼10RE from
the Earth’s centre) to vary. Under conditions of high solar wind velocity and density and
a strong southward directed component (Bz) of the Interplanetary Magnetic Field/IMF, the
magnetopause can be compressed until it is inside GEO orbit (6.6 RE). A spacecraft in GEO
on the sunward side of the Earth can, under these conditions, be located outside the magne-
topause for periods ranging from minutes to hours. When a spacecraft crosses the magne-
topause and enters the magnetosheath its onboard sensors register a drop to near zero in the
measured magnetic field. Also, the sign of the magnetic field tends to vary erratically and the
spacecraft attitude control torques can, under these conditions, be inadvertently applied in the
wrong direction. The design of the attitude control system should be such as to enable it to
withstand magnetic field torques generated during disturbed conditions. It is noted that during
Solar Energetic Particle (SEP) events photonic devices such as star trackers and CCDs display
an increase in internal noise which can, inter alia, result in spacecraft orientation problems.
Loss of Signal Phase and Amplitude Lock. The ionosphere at times becomes highly irreg-
ular, thereby causing spacecraft signals traversing this disturbed medium to scintillate at the
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receiver. Strong geomagnetic storms can lead to scintillation in the auroral zones. Scintillation
effects may cause the phase tracking loops of a receiver to temporarily loose lock (Herox and
Kleusberg, 1988), thereby introducing discontinuities in phase derived, biased pseudo ranges
that can result in significant signal loss. In the case of the Global Positioning System (GPS)
this effect not only interferes with telemetry but the system can associatively loose tracking
contact with a number of spacecraft, thereby inhibiting precise location finding. The distur-
bances mentioned also introduce changes in the time it takes signals to traverse the ionosphere.
These delays are proportional to the Total Electron Content (TEC) along the signal patch and
inversely proportional to the square of the frequency of the signal. The pseudo range error
accruing to variations in TEC can be up to about 16 m at the zenith and about three times that
distance close to the horizon. Again these changes which can occur within times as short as
10 m at high latitudes and on diurnal time scales at mid-latitudes, reduce the accuracy and
reliability of the GPS. See also the statistical study of Regar et al. (2006).
Solar Cell Degradation/Displacement Damage. Energetic particles can pass through the
protective covers of solar cells on Earth orbiting spacecraft to produce ionization damage
and crystal lattice defects (displacement damage). Thus, cell performance typically progres-
sively degrades during the lifetime of a mission (made manifest through an ongoing measured
reduction in voltage and current outputs) with implications for the ultimate survival of the
concerned spacecraft. Accounts of current methods for calculating radiation damage to solar
cells are contained in Messenger et al. (2001) and Morton et al. (2005).
Electronic Malfunctions. When a single particle causes a malfunction in onboard electronic
components (e.g. in RAMs, microprocessors, HEX-FET power transistors), the outcome is
called a Single Event Effect (SEE). These are main of three types, namely Single Event Upsets
(SEUs), Single Event Latch-ups (SELs) and Single Event Burnouts (SEBs). An SEU is a soft
error consisting of bit flips with no preference between 1 to 0 and 0 to 1. They are generated
both by galactic cosmic rays and heavy ions produced during flaring. Particularly potent are
ions in the CNO group and those with energies ≥2 MeV/n. Protons and heavier ions can
also produce SEUs indirectly when they create particles characterized by high Linear Energy
Transfer (LET) via nuclear reactions near, or within, the sensitive volume of an electronic
device. SEUs do not damage the concerned component and a reset or rewriting of the device
will restore normal behavior. Single high-Z particles, the application of an over voltage or
a sudden flash of X-rays can turn on part of an integrated circuit to produce an SEL. The
latched up system concerned must be powered down and switched on again to allow control
of the circuit to be regained. However, the anomalous configuration may already have drawn
down enough power through the chip to damage it, and even to associatively affect the power
supply.

SEBs cause the device concerned to fail permanently. These events include, for instance,
burnouts of n-channel power MOSFETs, gate rupture and frozen bits. An SEB may be trig-
gered in a power MOSFET biased in the OFF state when a heavy ion passing through it
deposits enough charge to turn the device ON (this susceptibility decreases with increasing
temperature). A power MOSFET may undergo Single Event Gate Rupture (SEGR) due to lo-
calized dielectric breakdown in the gate oxide. Destruction of dipolar junction transistors can
also occur Single Event Dielectric Ruptures (SEDRs) occur in CMOS devices and are similar
to the SEGRs observed in power MOSFETs. Total Ionizing Dose (TID) is used in estimating
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the effect produced on electronic components by charged particle radiation. TID is measured
in terms of the absorbed dose, which is a measure of the energy absorbed by matter. It is
quantified by the gray (Gy), where 1 Gy = 100 rads = 1 J/kg. Long term cumulative damage
can cause electronic devices onboard a spacecraft to display increased leakage (with related
changes in power consumption); threshold effects; timing changes; increased detector back-
ground noise etc. SEEs concern instant failure mechanisms and are expressed in terms of a
random failure rate whereas TID is concerned with a mean time to failure. Spacecraft compo-
nents can be manufactured to withstand high total doses of radiation. Survivability describes
the ability of a system to perform its intended functions in space within a stressed environ-
ment. Hardness defines the environmental stress level which a system can survive. Recent
studies to establish the sensitivities of candidate spacecraft electronics to heavy ion and pro-
ton induced SEEs are described in O’Bryan et al. (2005). A companion paper by Cochran et
al. (2005) deals with the vulnerability of a variety of candidate spacecraft electronics to total
ionizing dose and to displacement damage.
Conclusion. Conditions on the Sun, as well as in the solar wind, magnetosphere, thermo-
sphere and ionosphere influence the performance and reliability of spacecraft in ways that are
gradually becoming better understood, thereby allowing mitigating strategies to be developed
and implemented.
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Summary. Humans are exposed to ionizing radiation all the time, and it is known that it can induce a
variety of harmful biological effects. Consequently, it is necessary to quantitatively asses the level of ex-
posure to this radiation as a base for estimating risks due to ionization radiation. During WP 2400 of WG
2 of COST 724 action, a number of spacecraft and aircraft experiments have been performed with both
active and passive detectors. A large data base has been created. In this contribution we would like to
stress results and their importance obtained in three particular directions: (i) simultaneous investigation
of galactic cosmic rays on aircraft and on the International Space Station (ISS); (ii) onboard spacecraft
neutron contribution as estimated on the basis of the comparison of results measured with MDU/Liulin
equipment onboard ISS, Foton capsule and a commercial aircraft flying at subsonic altitudes; (iii) Com-
plex analysis of the results of long term measurements onboard a Czech Airlines aircraft. The results
obtained are presented, analyzed, and discussed, and their complementary nature is underlined. The con-
tribution represents a version of the Final Report of the Work Package 2400 of the COST-724/WG-2:
Radiation Environment of the Earth.

1 Introduction

Ionizing radiation is known to induce a variety of biological effects (cell killing, mutation,
chromosome aberration, and carcinogenesis). Moreover, except for the various applications
of radiation in medicine and industry, we are exposed to radiation all the time – cosmic radia-
tion, nature radionuclides, etc. Consequently, it is necessary to qualitatively and quantitatively
assess risks from ionizing radiation and to know patterns and mechanisms of biological ef-
fects.

Spacecraft and aircraft crews are exposed to elevated levels of cosmic radiation of galactic
and solar origin and to secondary radiation produced in the atmosphere, the vehicle structure
and its contents. Following recommendations of the International Commission on Radiologi-
cal Protection (ICRP) in Publication 60 (ICRP, 1990), the European Union (EU) introduced a
revised Basic Safety Standards Directive (EC, 1997) which, inter alia, included the exposure
to cosmic radiation. This approach has been also adopted by other official documents (NCRP,
2002).

Quantities used to characterise the level of radiation protection of workers and/or humans
in general are defined in ICRP Publication 60 (ICRP, 1990). The most basic of them is effec-



228 Spurný & Dachev

tive dose E, which considers the influence of radiation quality through radiation weighting
factor wR, and the influence of tissue sensitivity through the tissue weighting factor for tissue
or organ wT .

Operational quantities were designed by the International Commission on Radiological
Units and Measurements (ICRU) to provide appropriate estimates of the protection quantities
and to serve as calibration quantities for dosimetric devices. Operational quantities are based
on the dose equivalent concept. The dose equivalent H is derived from the following relation:

H = Q ·D =
∫
Q(L)DLdL (1)

where DL is the distribution of the dose D in linear energy transfer L and Q(L) is the quality
factor as a function of L in water.

For area monitoring of strongly penetrating radiation (as in space) ICRU recommends the
quantity ambient dose equivalent, H∗(d), defined at a point in a radiation field, ”that would
be produced by the corresponding aligned and expanded field, in the ICRU sphere at a depth,
d, on the radius opposing the direction of the aligned field”. The recommended depth, d,
for monitoring in terms of H∗(d) is 10 mm. Relevant reference conversion coefficients are
available in ICRP Publication 74 and ICRU Report 57 (ICRP, 1996; ICRU, 1998).

The radiation fields onboard space- and/or aircraft are complex, with many types of ion-
izing radiation present with energies ranging up to many GeV.

There are three primary principal sources contributing to the radiation exposure close to
the Earth (Kovalev and Vorobjov, 1983; Wilson et al., 1991):

1. Galactic cosmic radiation;
2. Radiation emitted during solar flares; and
3. Radiation of Earth’s radiation belts.

While the first two can contribute to the exposure even at the Earth’s surface, the third has to be
considered only outside of the Earth’s atmosphere. The levels of the exposure corresponding
to these primary radiation sources can be briefly characterised as follows:

Galactic cosmic radiation (GCR) continuously impinges on the Earth by a nearly
isotropic flux and consists of about 85% protons, 12.5% alphas, 1.5% heavier nuclei, and
1% electrons. The average energy of cosmic-ray particles outside of magnetosphere is about
1 GeV/nucleon, but particles with up to 1021 eV have been observed. The intensities and the
components of the radiation field change with the geomagnetic latitude and altitude and with
the solar activity. Typical annual values of the ambient dose equivalent due to this radiation
in open space outside of the Earth’s atmosphere and magnetosphere are presented in Table 1.
These values diminish roughly three times behind the typical (∼20 g cm−2) shield thickness
of a spacecraft, and the average quality factor decreases to about 2.0 – 3.0.

Solar particle events are not predictable either in their intensity nor in their energy spec-
trum. They consist mostly (∼99%) of protons and are generally not isotropic. For the most en-
ergetic of known solar flares, which occurred February 23, 1956, the dose equivalent estimated
in blood forming organs without a shield was about 1 Sv; for the others it was fortunately at
least one or more orders of magnitude lower (O’Brien et al., 1996).

As far as radiation belts are concerned, doses due to them in open space are very high.
However, due to their low energies (∼ MeV for electrons, ∼ 100 MeV for protons), they
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Table 1. Typical annual exposure levels due to GCR in open space at 1 AU

Dose quantity [unit] Solar maximum Solar minimum

D [Gy] ∼0.06 ∼0.18
H∗(10) [Sv] ∼0.4 ∼1.0
Quality factor ∼6 ∼5

are effectively shielded off by the spacecraft wall. Nevertheless their contribution is by far
non-negligible for spacecraft orbit inclination of ∼50◦ (as for ISS). In this case radiation
belt protons contribute to the level of exposure a little more than 50% in the dose, a little
less than 50% in the dose equivalent. They have to be seriously considered for planning of
extra-vehicular-activities (EVA).

Fig. 1 presents an example of how the radiation from galactic and radiation belt sources
are seen on real measurements at low-Earth orbiting satellites, such as Foton M2.

When compared with the Earth’s surface, the specifics of onboard space- or air-craft radi-
ation fields and their consequences can be summarized as:

• The exposure level is much higher, about 50 times onboard aircraft, up to 1000 times
onboard spacecraft. Nevertheless, it is still a ”low-dose” region when considering acute
risk.

• However, solar flares can increase this level up to orders of magnitude in open space, and
somewhat less onboard aircraft.

• The contribution to the effective dose from external exposure of radiation with high linear
energy transfer (LET) is typically about 50% in these fields, compared to less than 10%
for occupational exposures on Earth.

• About 50% of the personnel exposed onboard aircraft are women in reproductive age.

When summarized, radiation exposure in space could represent a barrier for particularly long
term missions, such as to Mars. Reitz (2005) stated that the main task to be solved to improve
the conditions for safe prolongation of human space activities is to diminish uncertainties re-
lated to the estimation of the risk. Main uncertainties are related to biological factors. Never-
theless, the improvement of physical knowledge, dosimetric as well as microdosimetric, could
also bring an important contribution for diminishing uncertainties related to the estimation of
the risk. For that it is necessary:

• to accumulate data on the actual level of exposure at different conditions and situations
(flight altitude and other parameters, solar activity, shield thickness, etc.),

• to search for correlation between exposure levels in space and closer to Earth.

Actually, this task was one of the important objectives of WG-2 of the COST-724 activities.
Selected examples of results obtained are presented in following chapters.
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2 Examples of results obtained

2.1 Simultaneous Investigation of the Effects of Galactic Cosmic Rays on Aircrafts and
on the Foton M2 satellite

Introduction

On 31 May 2005, the Foton M2 capsule, housing a payload of 39 experiments in physical
sciences, biology, fluid physics, exobiology, materials science and technology, was launched
aboard a Soyuz-U rocket from Baikonur Cosmodrome in Kazakhstan, It spent 15.6 days in
Earth orbit. One of the instruments, R3D-B2, was developed in STILBAS, together with col-
leagues from Germany (Streb et al., 2002). It was able to register the ultraviolet radiation dose
in 3 channels (UV-A, UV-B and UV-C), the photosynthetically available radiation (PAR), and
the variation of the space radiation dose and flux outside of the Foton M2 capsule by means
of MDU-Liulin equipment (see §2.2). This 256 channel space radiation spectrometer and the
software had been fully developed in STIL-BAS. Another spectrometer with 4 visible and
UV channels was also build by the Bulgarian team under the electronic schemes from Ger-
man colleagues.

The solid state detectors of the R3D-B2 instrument were placed behind 1.0 mm alu-
minium, 0.1 mm copper, and 0.2 mm of plastic material. RADO experiment thermolumi-
nescent detectors, devoted to estimate the protective properties of electrically-charged glass
coatings against space radiation, were placed behind a layer of special glass. Totally, the thick-
ness of this shielding was about 0.6–0.9 g cm−2, i.e., about 10–30 times less than the shielding
of Liulin-E094 experiment on ISS in 2001. The flight altitude of the Foton M2 satellite was
260–304 km, about 100 km less than that of ISS during the Liulin-E094 experiment.

MDU-Liulin equipment was simultaneously measuring onboard CSA aircraft. Data are
available for the period 06/05 – 25/06/05, and a comparison between both data sets is pre-
sented.

Main results

Fig. 1 summarizes the distribution of the obtained dose and flux data and of the calculated dose
to flux ratio in nGy cm2/particle vs. the L-value. The dose and flux data show two obvious
maxima – one at L-values of about 1.4 and another at about 3.8. The lower L-value maximum
corresponds to the inner (proton) radiation belt, which is populated mainly by protons with
energies from few tens to a few hundred MeV. The higher L value maximum corresponds to
the outer (electron) radiation belt, which is populated mainly by electrons with energies from
hundreds of keV to a few MeV. The large amount of points with low doses and fluxes are ob-
tained at low and mid magnetic latitudes (L < 1.2) outside of the radiation belts and the South
Atlantic magnetic Anomaly (SAA). This contribution originates mainly from galactic cosmic
rays and shows a ”knee” at L-values of about 2.5–3. The dose to flux ratio in the upper panel
of the figure is provisionally divided into two parts – below and above 1 nGy cm2/particle.
According to [10] this value divides the range of doses delivered by electrons (below about 1
nGy cm2/particle), and by protons above this value. Some more features are seen also in the
upper panel. Points with specific doses at about 1–2 nGy cm2/particle at L = 1.2 are gener-
ated by protons with energies of a few hundred MeV. Points with specific doses of about 2–5
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nGy cm2/particle around L = 1.5 are generated by protons with energies below 100 MeV.
Points with specific doses of about 0.2–0.5 nGy cm2/particle around L = 2.5 are generated
by electrons and/or probably by bremsstrahlung. The absorbed doses deposited in the region
of the inner radiation belt by protons are higher than those in the region of the outer radiation
belt even though the outer belt fluxes are about 3 times (200 cm−2 s−1) larger than those in
the inner belt (70 cm−2 s−1).

Fig. 1. Left: Distribution of dose and flux and dose to flux ratio data against the L value.

Fig. 2. Right: Comparison of dose and flux data obtained at Foton M2 satellite and on aircraft.

Comparison of the results obtained on the aircraft with these on Foton M2 satellite

Fig. 2 presents the results of the comparison of the data obtained on Foton M2 satellite and
on CSA aircraft board. Data selection procedure is the following: for Foton M2 the altitudes
are greater than 255 km and less than 265 km; the aircraft data are between 34500 feet (10.5
km) and 37500 feet (11.4 km); both data sets cover the geographic longitude range between
-30◦ and 80◦. Points present the measured data, while the heavy lines are the running average
values over 21 points.

One can see on Fig. 2 that the absorbed doses and fluxes measured at the satellite are
about twice as large as those on the aircraft at the same geographic latitude up to about 45◦

in northern hemisphere. For larger latitudes, satellite doses and fluxes rise faster with the
latitude. This can be described by the fact that at latitudes below 45◦ only the effect of the
galactic component of the radiation is registered in both cases. At higher latitudes and at the
satellite altitudes additional radiation from radiation belts is present.
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2.2 Onboard spacecraft neutron contribution as estimated on the basis of the results
measured with MDU-Liulin onboard ISS, Foton M2, and commercial aircrafts

Materials and methods

Mobile Dosimetry Unit (MDU) Liulin is an energy deposition (Edep) spectrometer based
on pulse height analysis of energy deposited in a Si-diode. It has been used in NPI AS CR
to estimate the level of aircraft crew exposure since the year 2000, and several long-term
monitoring runs have already been performed (Spurný and Dachev, 2003; Dachev et al., 2005;
Spurný and Dachev, 2005). Details of the use of that equipment for the estimation of the
onboard exposure have been already described in previous publications (Spurný and Dachev,
2003; Dachev et al., 2005; Spurný and Dachev, 2005) and can be summarized as follows:

a Energy deposition spectra in Si detectors are transformed to the dose in Si, D(Si).
b This dose is on the basis of calibrations performed in several on-Earth reference radiation

fields divided into parts corresponding mostly to the energy deposited due to non-neutron
and/or neutron (and neutron-like) component of the onboard radiation field.

c These partial D(Si) are converted to the apparent ambient dose equivalent,Happ(MDU),
due to components mentioned using conversion factors determined in the high-energy ra-
diation field at CERN (Mitaroff and Silari, 2002) and during the direct onboard common
measurements of MDU equipment with tissue equivalent proportional counters (Bottollier
et al., 2004).

Results

Due to long-term onboard aircraft monitoring (2001–2005) and simultaneous onboard space-
craft measurements (ISS – 2001; Foton-M2 capsule – 2005) we were able to compare energy
deposition spectra as registered with MDU-Liulin equipment. The examples of spectra are
presented in Fig. 3. One can see that:

a Relative energy distributions forEdep < 1 MeV are similar for aircraft and spacecraft when
flying out of the South Atlantic anomaly (SAA), i.e., for galactic cosmic rays (GCR);

b For Edep > 1 MeV, relatively more energy is deposited onboard spacecraft than aircraft;
c Edep spectra inside SAA are quite different from both other cases.

We have tried to interpret these data suggesting that: events with Edep < 1 MeV correspond
to low LET radiation; and events with Edep > 1 MeV correspond to the sum of neutron and
heavier charged particles of GCR. Afterwards we have treated these data in this manner:

a For low LET component D(Si) −→ D(tissue) −→ H∗(10);
b For neutrons in the region of Edep > 1 MeV we adopted the same procedure as onboard

aircraft, considering that neutron spectra are in both cases similar; see Fig. 4 (Bartlett et al.,
2005);

c For HECP we obtained H∗(10) as: D(Si) = D(tissue); 5D(tissue) ∼ H∗(10);
d For inside SAA we assumed that all events are due to protons with average QF ∼ 1.3.
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Fig. 3. Left: Comparison of full relative energy deposition spectra onboard aircraft, and FOTON capsule
(inside SAA, or GCR).

Fig. 4. Right: Neutron spectra onboard aircraft, spacecraft, and at CERN.

Fig. 5. Comparison of
relative energy deposition
spectra onboard aircraft,
ISS, and FOTON in the
region above 1 MeV.

To improve the statistical reliability we have integrated all available data from onboard
aircraft (D(Si) total ∼ 7 mGy) and/or ISS (D(Si) total ∼ 1 mGy). Edep spectra above 1
MeV are presented in Fig. 5. The daily values of dosimetry quantities obtained in this way
are presented in Table 2 and are compared with the data obtained previously on the basis of
combining data from thermoluminescent (TLD) and track etch detectors (TED).

One can see that the agreement of both sets of data is reasonable. They are also compa-
rable with results of measurements performed at the beginning of 1997 (Benton et al., 2002).
Total H∗(10) between 620 and 680 µSv per day was found in this period of solar minimum,
i.e., these values should be higher than those established during 2001, just after the solar
maximum.
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Table 2. Total daily values of dose quantities onboard space vehicles.

Quantity ISS–MDU ISS–TLD+TED FOTON

D(Si) [µGy] 237 – 87
H∗(10) high1 [µSv] 284 316 115
H∗(10) total2 [µSv] 622 518 316
neutrons [%] 20.5 27 14.5

1high: HECP & neutrons; 2total: high & low LET radiation

2.3 Further analysis of long-term measurements onboard of Czech Airlines Aircraft

Introduction

ICRP recommended in its Publication 60 to take the radiation exposure due to the cosmic ra-
diation onboard aircraft into account as a part of occupational exposure. The recommendation
was adopted into the Czech regulation in 1997. Several series of onboard measurements have
been accomplished since that time, mostly onboard Czech Airlines (CSA) aircraft. This chap-
ter brings the analysis of the database derived from dosimetric characteristics acquired with
MDU-Liulin. It was placed onboard aircraft (A310-300) several times in years 2001, 2002,
2005, and 2006.

Transport codes

CARI-6 calculates the effective dose due to galactic cosmic radiation received by an adult on
an aircraft flight during any month from January 1958 to the present (Frieberg and Snyder,
1992). It can also calculate the effective dose rate from galactic radiation at any specific lo-
cation in the atmosphere at altitudes up to 60,000 feet. Routine monitoring of aircrew in the
Czech Republic has been realized by means of this program since 1997.

The purpose of the program EPCARD (European Program Package for the Calculation of
Aviation Route Doses) (Schraube et al., 2002) is also the calculation of the cosmic radiation
dose to which an air crew is exposed during a flight, or the dose rate at a specific geographic
position. The output of the program provides the ambient dose equivalent rate H∗(10) and
the effective dose rate E, giving the contribution from neutrons, protons and pions, electrons,
muons, and photons, separately. Only total E values were used in this report.

Data-base information and statistics

Presently, the database contains more than 41,000 records. Each record consists of: dosimetric
characteristics identified as Happ(MDU), H∗(10)(EPCARD), E(EPCARD) and E(CARI-6);
the spectra of pulses recorded in each of 256 channels of spectrometer; and following free
variable parameters:

a date and time
b direction of flight (e.g. Prague – New York)
c geographic coordinates
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d altitude in feet (1 foot = 30.48 cm)
e vertical cut-off rigidity in GV (based on an estimation made in 1990 for an altitude of 20

km)
f Apatity and Oulu neutron monitors (NM) records (to estimate actual solar activity).

More detailed information about some parameters of the database is given in Table 3.

Table 3. Total daily values of dose quantities onboard space vehicles.

Parameter Minimum Maximum Most frequent value (frequency)

Altitude [feet] 20000 41000 35000 (25%)
Vertical cut-off rigidity [GV] 0 17 1–3 (70%)
Apatity NM [counts s−1] 1020 1340 1130–1190 (50%)

Results and discussion

Integral values

An advantage of the database is that it permits a summary of values of measured and calcu-
lated long-term dosimetric characteristics. The average values are more statistically significant
and easily comparable. We have studied these dependencies on the altitude (Fig. 6) and the
rigidity (Fig. 7). The ratio of non-neutron and neutron components of ambient dose equivalent
rates are compared in Fig. 8 and in Fig. 9. Vertical bars indicate standard deviation relative for
an individual value. The uncertainty includes systematic and statistical uncertainties.

Fig. 6. Left: Altitude dependence of dosimetric characteristics.

Fig. 7. Right: Cut-off rigidity dependence of dosimetric characteristics.

One can see there that:

• Rates of dosimetric characteristics increase closely proportionally with altitude; they de-
crease with ascending rigidity;
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Fig. 8. Left: Ratio of non-neutron and neutron component of H∗(10) measured with MDU and calcu-
lated with EPCARD v3.2 as a function of altitude (rigidity 1–3 GV).

Fig. 9. Right: Ratio of non-neutron and neutron component of Happ(MDU) and H∗(10)(EPCARD) as
a function of rigidity (altitude 35 kfeet).

• Happ(MDU) and E(CARI) values correlate well;
• H∗(10)(EPCARD) values are lower than measured; the difference increases with altitude

(at 30 kfeet is 3%, at 38 kfeet is 13%) and does not depend on rigidity;
• E(EPCARD) values are higher than measured at 1–3 GV rigidities for all flight altitudes

and lower for 5–17 GV;
• The ratio of non-neutron and neutron components does not depend on altitude but is highly

dependent on rigidity; the neutron contribution is dominant at 7 GV and above;
• Measured and calculated values of the ratio agree well at all flight levels and for ridities

of 1–7 GV; fluctuations above 7 GV are caused by lower statistics.

Spectral values

The database of recorded pulse height spectra enables us to evaluate also the relative D(Si)
spectrum as a function of different parameters. Fig. 10 shows the comparison of three relative
energy deposition distributions at the same flight level 35,000 feet, at similar solar activity
(1130–1190 counts/sec of Apatity NM), and different vertical cut-off rigidities. One can see
that the relative contribution of Edep between 0.2 and 0.6 MeV increases with increasing
rigidity, that it is constant between 0.6 and 0.9 MeV, and that it decreases between 0.9 and 7.0
MeV. No distinct tendency can be estimated for Edep above 7 MeV because of low statistics
for rigidities above 4 GV. More measurements with MDU on aircraft flights in areas with
rigidity from 4 GV up to 17 GV should be carried out to accumulate more data to obtain
better statistics of integral and spectral values.
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Fig. 10. Geomagnetic
position dependence of
Edep distribution.
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1 COST 724 in the context of European space weather activities

The COST Action 724 is science dominated but with an eye on the application of science.
This means in practice that COST 724 attempts to enhance scientific understanding of space
weather in order to enable interested people to generate value-added data (often derived from
observations) and scientifically sound models for description and prediction of space weather.
COST 724 WGs 1-3 are more oriented toward basic science than WG-4 which is more ori-
ented toward service and public outreach. Space weather service providers rely on the science
community as they adapt data and models to meet specific needs of space weather service
users. The latter activity has been addressed by the European Space Agency (ESA) through
the Space Weather Applications Pilot Project (SWAPP) which includes a range of Service De-
velopment Activities (SDA). The relation between COST 724 and SWAPP can be described
by the following analogy scheme.

There is a certain overlap between the three groups. SWAPP has demonstrated that mem-
bers of the science community can also be service providers or service users and users of
one service can be providers of another. The close relation between COST 724 and SWAPP
is demonstrated by the fact that several GIC servers which grew out of SWAPP are now in
operation in Europe and northern America, and COST 724 member countries benefit from
their existence (GIC = geomagnetically induced currents).

WG-3 of COST 724 deals with the interaction of solar wind disturbances with the Earth
and is embedded in the COST 724 WG scheme with an obvious overlap with WG-1 and WG-2
as shown in Fig. 1.
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Fig. 1. Interrelations between WG-1, WG-2 and WG-3 physics domains

2 WG-3 and space weather related initiatives outside Europe

The conditions for space weather modelling in Europe differ distinctly from those in the USA
where the Community Coordinated Modeling Center (CCMC, http://ccmc.gsfc.nasa.gov/ )
was established many years ago. The CCMC is a multi-agency partnership to enable, sup-
port and perform the research and development for next-generation space science and space
weather models (CCMC Mission Statement). In addition to providing the scientific commu-
nity with access to modern space research models the CCMC tests and evaluates models and
supports operational space weather nowcasting and forecasting through the transition of re-
search models to operational codes. The COST 724 initiated European Space Weather Portal
provides only a limited number of research models (which is, however, expected to grow now
that the portal has been established). The CCMC houses solar, heliospheric, magnetospheric
and ionospheric models, similar to the European Space Weather Portal but on a larger scale
and at a more sophisticated level (not least because the CCMC is well staffed).

An important future step concerns model integration. Specifically WG-3 models fill a wide
range of space domains as WG-3 covers interplanetary space, the magnetosphere (with the
exception of radiation belt physics), the ionosphere, the neutral atmosphere and the ground
(induction fields). Also here have US research institutions taken the lead in a part of these
domains with the establishment of the Geospace Environment Modeling program (GEM, http:
//www-ssc.igpp.ucla.edu/gem/ ). We recall that GEM was initated in 1987 as documented in
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”The University of Washington Workshop” report (http://www-ssc.igpp.ucla.edu/gem/pdf/
gem modeling.pdf ). GEM began its scientific activities with a ”Theory Pre-Campaign” at the
1989 La Jolla workshop, has since continued with regular campaigns and is still active. GEM
was designed to fill gaps in scientific understanding and provide modules for comprehensive
modeling of geospace, coined ”Geospace General Circulation Model” (GGCM). GEM enjoys
lasting sponsorship from the US National Science Foundation.

A more recent US initiative was the creation of the Center for Integrated Space Weather
Modeling (CISM, http://www.bu.edu/cism/ index.html). According to the CISM web page
it defines as its objective the understanding of the dynamic Sun-Earth system and the way
life and society are affected, and it attempts to reach this objective through the creation of
a physics-based numerical simulation model that describes the space environment from the
Sun to the Earth. Also here is the situation quite different from the situation in Europe in that
the CISM initiative benefits from substantial financial support provided by the US National
Science Foundation.

3 The WG-3 work program

The COST 724 MoU identifies a number of specific tasks to be addressed by WG-3. During
the course of the Action the list was expanded to include other topics which were deemed
important but did not appear in the MoU. This resulted in the Work Package (WP) scheme
shown in Fig. 2. The specific tasks listed in the MoU (regular font) and those added later
(printed in italics) are listed below, preceded by the respective WP numbers. WP 3120 had to
be suspended because of our failure to secure funding for doing research on this topic.

3110 ≡ 3210 Create a catalogue of existing data sets and models relevant to WG-3
3120 Develop models of the interaction of large-scale (recurrent) solar wind structures with

the Earth’s magnetosphere (suspended)
3130 Develop models of the evolution of eruptive solar events (e.g., CME, SEP) propagating

through interplanetary space and predict their arrival at the Earth’s bow shock
3220 Develop physical models of the response of the Earth’s magnetosphere to solar wind

disturbances and predict the resultant state of the magnetosphere
3230 Develop physical models of the response of the Earth’s atmosphere to solar wind resp.

magnetospheric disturbances
3240 Develop empirical models of the response of the magnetosphere-ionosphere system

to solar wind disturbances observed between Sun and Earth and predict the resultant
magnetospheric-ionospheric current systems

3250 Develop models to describe and predict high-latitude ionospheric current systems and
their temporal variations

3310 Review global, regional and local ground conductivity models and assess their role for
geomagnetically induced currents

3320 Develop the capability to model electric fields induced in the ground during geomag-
netic storms (geophysical step of GIC modeling)
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3330 Develop the capability to model electric currents induced in conducting grids during
geomagnetic storms (engineering step of GIC modeling)

3340 Set up and maintain a data base of recorded effects of geomagnetic storms on techno-
logical systems (shared with WG-4)

3400 Liaise with WG4 to ensure that relevant data and models are incorporated in a European
Space Weather Network/Portal

3200 Liaise with COST Action 296 where modeling of the storm-time ionosphere is relevant
to radio wave propagation

Fig. 2. WG-3 Work Package diagram

4 Introduction to topical contributions by WG-3 members

After a brief excursion on modeling efforts outside Europe we continue with a ”Model and
Data Review” (WP 3110 ≡ WP 3210) of models and data sets relevant to WG-3 which were
submitted via an interactive web site. Thereafter follows a suite of short reports on the themes
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of individual WPs written by WG-3 members who were leading the respective WP or other-
wise played an active role in WG-3.

Two contributions (both WP 3130) concern coronal mass ejections (CME) and solar en-
ergetic particles (SEP) in interplanetary space. ”Modeling CME initiation and interplane-
tary evolution: recent progress” reviews progress made in simulating the evolution of CME
propagating through interplanetary space under different background solar wind conditions.
”SOLPENCO. The background physics” describes the physical foundation and the practical
application and limitations of an operational code used to predict SEP fluxes and fluences up
to 1 Astronomical Unit (AU).

Recent research advances concerning the interaction of solar wind disturbances with the
Earth’s magnetosphere are discussed in ”Understanding the solar wind – magnetosphere –
ionosphere coupling through the synergy of modeling, simulations and data analysis”. Special
emphasis is placed on understanding and modeling the dynamics of certain types of space
weather relevant phenomena including the magnetospheric ring current, geomagnetic storms
and substorms. An attempt to characterize ULF wave activity in near-Earth interplanetary
space, the magnetosphere and the ionosphere by a newly developed set of ULF indices and to
apply this to space weather research is described in ”ULF wave power index for space weather
applications”. Both contributions relate to WP 3220.

A step toward coupling neutral and ionized atmospheric regions is made in ”Recent ad-
vances in modelling space weather effects on the terrestrial upper and middle atmospheres”
(WP 3230). This article reviews latest developments of upper atmosphere global circulation
models and discusses to which extend the thermospheric response to space weather events can
be simulated given the present and near-future density of observations.

Opportunities and caveats of empirical modeling of the effect of solar wind disturbances
on the magnetosphere and ionosphere constitute the topic of WP 3240 and are discussed in
four contributions. The focus of ”Empirical modeling of the magnetospheric ring current”
lies on the inner magnetospheric ion flux density and pitch angle distribution during quiet and
disturbed periods. Several empirical models derived from in-situ satellite observations are dis-
cussed. ”Empirical models of solar wind – magnetosphere – ionosphere coupling” compares
empirical models which are available online and can be considered operational. Special atten-
tion is paid to an evaluation of the RWC-Lund model. A particular application of empirical
modeling which is of interest to operational space weather warning services concerns fore-
casting geomagnetic indices. This is treated in ”Forecasting Dst from solar wind data” and
”Can the AE index be forecast?”.

Aspects of the large-scale dynamics of high-latitude ionospheric convection, currents,
electric fields and cross-polar electric potential with emphasis on the interplanetary mag-
netic field (IMF) control of these parameters is discussed in ”Recent results on ionospheric
convection based on SuperDARN”. A summary of recent results of storm time high-latitude
ionospheric currents with relevance to geomagnetically inducted currents (GIC) is the topic
of ”The complex spatiotemporal dynamics of ionospheric currents”. Both papers fall into WP
3250.

The last part of the chain, electromagnetic fields induced in the ground as a result of mag-
netospheric and ionospheric disturbances associated with space weather events is treated in
”A review of progress in modelling induced geoelectric and geomagnetic fields”. The paper
briefly reviews global and regional geological resp. geophysical models (with emphasis on
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electric conductivity) and methods to compute induced electric fields, a prerequisite for com-
puting GIC. This is often called the ”geophyiscal step of GIC modeling”. The paper falls
under WP 3310 and WP 3320.

The current status of research and modeling capabilities of GIC in pipelines and power
line networks (called the ”engineering step of GIC modeling) including the status of op-
erational codes is described in ”Calculation of geomagnetically induced currents (GIC) in
ground-based technological systems”, enhanced by presenting numerical examples. Recent
advances in this area have led to the establishment of several operational GIC servers as de-
scribed in ”Space Weather European Network GIC servers” which were developed under the
ESA Space Weather Applications Pilot Project (SWAPP). Both articles are on outcome of
work made in WP 3330.

Finally, a catalogue of records of geomagnetic storm effects on technological systems (WP
3340) is maintained jointly with WG-4 and is under continuous development. It is accessible
via a link on the WG-3 menu item ”Research Program” of the COST 724 homepage, http:
//www.cost724.eu/ .

According to the COST 724 MoU the evaluation of models (possibly accompanied by
recommendations) should form an important part of the work of the last year of the action
(WP 3140 / WP 3260). This requirement has not been fulfilled in a rigorous way. Assessment
of the quality and applicability of models is partially included in section 4 and in the indi-
vidual reports. However, for a systematic evaluation certain ingredients are necessary which
we failed to produce. Our action did not define clear and objective criteria which should be
applied when conducting an evaluation. Our action did not define appropriate metrics needed
to assign quantitative performance marks. As COST does not provide funding to conduct re-
search it is unrealistic to expect that members of our action will have the time and resources
to prepare and conduct a comprehensive evaluation of research and/or operational models.

5 Review of research models and data sets submitted to WG-3

5.1 Research models

Several WG-3 members submitted their research models to the collection of space weather
relevant models. Some of them are purely physics based (”P”) but with the option to assim-
ilate space or ground based measurements as input (if available). They are often research
models which are under continuous development and also computationally very demanding
so that they are not fit for implementation as operational models. This is the case for GU-
MICS, CMAT and the more sophisticated ionospheric transport models such as TRANSCAR,
TRANSCONVEC and TRANS4. Other models are empirical (”E”) and are often used for fast
computation if rapid nowcasting or forecasting is a major requirement. Some are hybrids (or
semi-empirical models, ”S-E”) meaning that they are based on plasma physics principles but
were subsequently simplified in order to facilitate nowcasting and forecasting via fast com-
putation. Simplification can be achieved through interpolation between pre-calculated tables
(e.g., SOLPENCO) or through calibration and training using past measurements (e.g., EFO
and EDAM). Principally different types of hybrid models are GUMICS (which combines an
MHD approach for the solar wind and magnetospheric domain with an electrostatic code for



The coupled system solar wind – magnetosphere – ionosphere – atmosphere – ground 247

the ionospheric part) and the TRANSCAR family which, in its basic form, merges a kinetic
transport code to compute plasma production with a fluid code to compute plasma bulk pa-
rameters. A more extended version (TRANSCONVEC) considers also the electric convection
field and the most recent version (TRANS4) adds a kinetic code for precipitation of solar wind
protons.

A synoptic view of some of the main characteristics of the submitted models follows in
Tables 1 and 2. It should be kept in mind that this is a selection of models for which WG-3
members were instrumental in the development phase. It is not meant to be a general list of
models available in Europe or world-wide for the intended purposes.

5.2 Data sets

Nine data sets have been submitted to WG-3. Their main characteristics appear in synop-
tic form in Table 3. This is, of course, only a small and somewhat unsystematically col-
lected subset of all available space weather relevant data. With the exception of one entry
all of them concern observations recorded with ground-based sensors. Five of them contain
magnetic field data sets or data directly derived from magnetic field observations (geomag-
netic indices). Only one ionospheric radio sounder data base appears (the Grenoble-EISCAT
data base), and this set can be considered historic (the data end in 1999). Many other iono-
spheric radar data sets exist in the scientific world. We only mention the international Su-
perDARN consortium (http:// superdarn.jhuapl.edu/ ) which offers on its web site real-time
and archived data in graphical form for download. EISCAT (https://e7.eiscat.se/ ) operates,
besides the Tromsø and two Svalbard transmitters, additional receivers in Kiruna (SE) and
Sodankylä (FI). Other major incoherent scatter radars potentially useful for space weather re-
search include AMISR (http://amisr.com/ ), the MIT Haystack (http://www.haystack.mit.edu/
atm/mho/ index.html) and the Sondrestrom (Greenland) research facility (http:// isr.sri.com/ ).
Real-time and archived data can be viewed at or downloaded from the facilities’ web sites, and
many of their data are also ingested into the Madrigal data base (http://www.openmadrigal.
org/ ) from where they can be downloaded by interested scientists with the help of sophisti-
cated query schemes.

Here we do not consider the numerous digital ionospheric sounders (known as digisondes
or dynasondes) because they (respectively their observations) are dealt with in considerable
depth in COST action 296 (http://www.cost296.rl.ac.uk/ ) and by the European Digital Upper
Atmosphere Server (DIAS, http://www.iono.noa.gr/DIAS/ ).

In order to give a flavor of the vast amount of data available for space research let us con-
sider one single type, namely ground-based magnetometer data. They are provided by a large
number of institutions and collected and further distributed by various organisations, some-
times along with a higher level numerically processed data and value-added products. The
best known organisations include the World Data Centers for Geomagnetism, the Interna-
tional Service of Geomagnetic Indices (ISGI, http:// isgi.cetp.ipsl.fr/ ) and the global network
of geomagnetic observatories known as INTERMAGNET (http://www.intermagnet.org/ ).

The magnetometer data are often collected and distributed in an uncoordinated way, in
contrast to many coherent scatter radar data which are collected, processed and distributed
by a well-coordinated research community which has itself organised under the umbrella
of SuperDARN (http:// superdarn.jhuapl.edu/ ). In order to overcome the problems arising
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from insufficiently coordinated magnetometer arrays a similar initiative has recently emerged
which was inspired by SuperDARN and is named SuperMAG (http:// supermag.jhuapl.edu/ ).
It collects variometer data from collaborating partners and processes and displays them in a
common way. As SuperMAG relies on archived data it is useful for the research community
but not for operational purposes.

Table 4 lists the major subauroral, auroral and and polar cap arrays of ground-based mag-
netometers. The vast majority employs fluxgate sensors. They are mostly variometers, i.e.,
they are not absolutely calibrated but record only the deviation of the magnetic field vector
from a fixed but usually unknown baseline. The table shows how many different magnetome-
ter networks exist and how many different operation parameters need to be considered when
using their data. The compilation of a catalogue of data sets is therefore a virtually infinite
story.

6 Outlook

WG-3 has achieved most of the objectives stated in the MoU and has in some areas achieved
even more, see Section 2. It has failed so far in two areas.

(1) We have not completed the evaluation of models (or ”modeling schemes” if we wish
to use the language of the MoU), and we did not make recommendations, for the reasons
mentioned in Section 2.

(2) We did not make sufficient progress toward the goal of integrating existing models
into a scheme which covers the evolution of a space weather event from the Sun to the Earth.
However, this step is a necessity if we want to design models or algorithms which are useful
to and accepted and appreciated by potential space weather service users.

The shortcomings are, however, no surprise, given the complexity of this task and the lim-
ited resources available. COST kindly provides support for Management Committee meet-
ings, sponsors space weather related workshops and co-finances scientific collaboration (the
so-called Short Term Scientific Missions) but does not have the resources to allocate funds
for conducting the basic scientific work which will end up as an element of a European com-
prehensive space weather modeling and prediction capability. The way forward is to continue
taking small steps toward the final goal just like COST 724 has done so far.
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Table 1. Solar wind and magnetosphere models submitted to WG-3
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Table 2. Ionosphere, atmosphere and ground models submitted to WG-3
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Table 3. Space weather relevant data sets submitted to WG-3
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Table 4. Some ground-based magnetometer arrays used in space research
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Summary. An overview is given of the models currently in use for simulating coronal mass ejections
(CMEs) and their interplanetary (IP) evolution up to the orbit of the Earth and beyond. Particular atten-
tion is given to the extensions and improvements of these models made in the last couple of years, the
modelling of the background solar wind conditions, and to the numerical techniques involved.

1 Introduction

The theoretical modelling of the evolution of CMEs can be divided into different sub-
problems. Such a sub-problem is, for instance, the observational study and modelling of the
fast and slow solar wind where questions regarding the heating source(s) and acceleration
mechanism(s) of the fast wind component need to be answered. Another sub-problem is the
initiation of CMEs: why do CMEs occur and how are they triggered? Next, there is the sub-
problem of the propagation of the CMEs, and, in particular, the observed time-height curves
and arrival times at 1 AU need to be explained. Also the evolution and structure of the CMEs
and the leading shock fronts during their propagation through the interplanetary space medium
needs to be studied. The modification(s) of the CME shock structure may contain important
clues to understanding the propagation properties of CMEs. The impact of the CME or mag-
netic clouds on the Earth’s magnetosphere is another crucial sub-problem. The interaction
of the CMEs with the bow shock of the Earth’s magnetosphere drastically affects the char-
acteristics of the magnetic field lines. Clearly, this affects the geo-effectiveness of magnetic
storms.

Due to the complexity of the problem, numerical modelling of solar transients and pre-
diction of the space weather is a challenging task which asks for a large amount of computa-
tional power and the continuous improvement of numerical techniques and physical models.
Any physical model for solar eruptions has to be able to explain the fundamental cause of the
eruption itself and the nature of morphological features associated with it. The ultimate goal
is the modelling of solar eruptions from the onset of the eruptions up to the interaction with
the Earth, and this on realistic time scales. During the last few years significant progress has
been made in the field of computational magneto-fluid-dynamics applied to solar related phe-
nomena. In this report an overview will be given of the latest developments in this field. The
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next section deals with the first sub-problem, namely the modelling of the background condi-
tions. In the third section the models currently used for CME initiation are discussed. Next,
the progress concerning the third sub-problem is treated, i.e., modelling CME propagation
and evolution.

2 Modelling the background solar wind

Since the first attempt to numerically model the solar corona by Pneuman & Kopp (1971), in-
creasing progress has been made. Nowadays, thanks to the increment in computational power,
the usage of 3D MHD models for reconstructing the solar corona and solar wind become
more common. The availability of more detailed observations makes it possible to produce
more realistic simulations via inclusion of observational data through the boundary condi-
tions. Linker et al. (1999) performed a 3D MHD simulation of the solar corona during the
Whole Sun Month campaign in which they used measurements of line-of-sight magnetic field
as a boundary condition for the model. Riley et al. (2002) have developed an empirically
driven MHD model for the solar corona and the inner heliosphere and investigated the evo-
lution of the heliospheric current sheet during the course of the solar cycle. Their model is
an extension of the previously mentioned model and is still employing a polytropic energy
equation. The physics in the algorithm was improved (Lionello et al., 2001) by incorporat-
ing thermal conduction along the magnetic field, radiation losses and heating into the energy
equation. A combination of an empirical and a physics based representation of the quasi steady
global solar wind is the Wang-Sheeley-Arge model (Arge et al., 2004) which is an improved
version of the Wang and Sheeley model (Wang & Sheeley, 1990), relating the magnetic field
expansion factor to the solar wind speed. The model has been comprehensively validated with
observations spanning nearly a full solar cycle (Owens et al., 2005) and is used as a boundary
condition in several other models. One of them is the Hybrid Heliospheric Modeling System
(Detman et al., 2006). It combines a source surface (potential field) current sheet model for the
solar corona and a time dependent 3D MHD solar wind model to predict the solar wind condi-
tions at the Earth. The empirical relationship of Wang & Sheeley (1990) is a crucial element in
the model. Also Odstrcil et al. (2005) use the WSA model to derive the boundary conditions
for their 3D MHD model calculating the solar wind parameters in the heliosphere. Roussev
et al. (2003b) as well constructed a three-dimensional model for the solar wind incorporating
solar magnetogram observations. In this model the solar wind is powered by the energy inter-
change between the coronal plasma and large-scale MHD turbulence. In order to reproduce
the observed bimodal structure of the solar wind they impose a temperature variation on the
solar surface depending on the strength of the magnetic field. Cohen et al. (2007) use the WSA
model as an input for a 3D MHD code, in which the processes of turbulent heating in the so-
lar wind are parametrised using a phenomenological, thermodynamical model with a varied
polytropic index, as introduced by Roussev et al. (2003b). They employ the Bernoulli integral
to bridge the observed solar wind speed at 1 AU with the assumed distribution of the poly-
tropic index on the solar surface. Usmanov & Goldstein (2006) have developed a 3D steady
state MHD model of the solar wind that covers the region from the coronal base to 100 AU
and that accounts for the effect of pickup protons in the distant heliosphere. As initial condi-
tion for integrating the MHD equations from 1 AU to 100 AU they use the 1 AU output from
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the tilted-dipole model of Usmanov & Goldstein (2003) which is appropriate for solar mini-
mum conditions. Lionello et al. (2005, 2006) have developed a global MHD model to study
the effect of differential rotation on the coronal magnetic field. They identified examples of
reconnection and other changes of topology of the magnetic field.

3 CME initiation models

To date, there is no CME model sufficiently well developed to explain the real events of solar
eruptions and related phenomena. The basic pre-eruption configuration and the topological
changes in the magnetic field that result in the conversion of a large fraction of the magnetic
energy into kinetic energy are not well known. Nevertheless, significant progress has been
made in understanding the basic physical processes that are involved in those events. Reviews
of CME initiation mechanisms can be found in Low (2001); Moore & Sterling (2006); Forbes
et al. (2006). The current CME initiation models can be defined as storage and release models
(Klimchuk, 2001) in which the energy to drive the CME is stored in the magnetic field. They
can be categorised into two large groups depending on the state of the coronal magnetic field
prior to the eruption.

The first group of models assumes that a flux rope exists prior to the eruption. Chen &
Shibata (2000) proposed an emerging flux trigger mechanism for the onset of CMEs. They
have performed two dimensional MHD simulations in a Cartesian box of a flux rope initially
in equilibrium and driven unstable by the emergence of extra magnetic flux trough the lower
boundary. A current sheet form below the flux rope and the flux rope are pushed upward
by fast magnetic reconnection. Recently, Dubey et al. (2006) have extended this study in
spherical geometry. The analytical flux rope model of Titov & Démoulin (1999), which had
been proposed to explain flares and CMEs, was numerically studied in the context of CME
initiation by Roussev et al. (2003a). These authors concluded that a highly twisted field at
the surface of the flux rope was needed in order to produce the eruption. In the previous
simulations the initial flux rope is suspended in the corona by a balance between magnetic
compression and tension forces. Simulations of the evolution of a twisted magnetic flux rope
from below the photosphere into the corona, was numerically simulated by several authors
(e.g. Manchester et al., 2004b; Amari et al., 2004). The evolution of the flux rope is at first
quasi statically and then undergoes a dynamic transition, driven by reconnection processes.

The second group of models relies on the existence of sheared magnetic arcades, which
become unstable and erupt once some critical state is reached in the solar corona. Contrary to
the previous class of models, here a flux rope does not exist prior to the eruption, it is formed
in the course of the eruption by magnetic reconnection. Mikić & Linker (1994) had shown
already that shearing motions energise the magnetic field and might cause the formation of a
flux rope when the shearing motions continue for a sufficiently long time. Jacobs et al. (2006)
performed a parameter study of the effect of the shear velocity and the background wind on
the evolution of the flux rope formation. In the sheared arcade models two main sub-classes
can be distinguished: flux-cancellation models and breakout-models.

The difference between the models are very subtle and are mainly in the location of the
reconnection side driving the eruption. In the flux-cancellation models (e.g. Amari et al., 2000,
2003; Linker et al., 2003; Roussev et al., 2004; Riley et al., 2006) a flux rope is formed
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by reconnecting the opposite polarity feet of a sheared magnetic arcade. In these models
the reconnection takes place at the photosphere or near the base of the solar corona. In the
breakout model (Antiochos et al., 1999; Lynch et al., 2005) the eruption is again triggered by
magnetic reconnection, but here this process occurs in a current sheet sitting above the sheared
arcade. This model asks for a specific multipolar magnetic topology to enable the eruption. Li
& Luhmann (2006) have done an observational study of the magnetic field topology of CME
source regions and found both bipolar and quadrupolar topology at the source regions, but the
bipolar topology is more common overall and in each year. As of today, there is no convincing
observational evidence that proves or disproves either class of CME models, and no model is
advanced enough to explain real observations.

4 CME propagation and evolution

In the past, heliospheric disturbances were often modeled by driving the inner boundary con-
ditions placed upstream of the critical point of the solar wind (at > 20R�) (e.g. Vandas et al.,
2002). These models provide basic physical insight into how a large solar disturbance propa-
gates and interacts with the large-scale solar wind. However, there are little or no observable
parameters at these distances to constrain the boundary conditions. Only recently has the prop-
agation of a CME from the inner corona to 1 AU been modelled in two- and three-dimensional
geometries. For example, Jacobs et al. (2005) and Chané et al. (2006) have done a parameter
study to investigate the effect of the background wind and the polarity of the initial flux rope
on the CME evolution in an axial symmetric set-up. An example of a 3D CME propagation
model is the theoretical model of Gibson & Low (1998). This analytical model was used as a
CME generation mechanism in numerical simulations (e.g. Manchester et al., 2004a; Lugaz
et al., 2005), in which the dynamics of the CME are followed as it interacts with a bimodal
background solar wind. The 12 May 1997 CME event was numerically simulated by Odstr-
cil et al. (2004b, 2005), who tried to reproduce the plasma parameters near Earth. The inner
boundary in their model is placed at 0.14 AU. The ambient solar wind is derived from coronal
models utilising photospheric magnetic field data and the transient disturbances are derived
from geometrical and kinematic fitting of coronagraph observations of CMEs. Wu et al. (2006)
have studied the detailed nature of interacting CME shocks with a 1-dimensional adaptive grid
MHD code. An event study of three interacting CMEs was done by Lugaz et al. (2007). As
model for the background solar wind the varying polytropic index model of Roussev et al.
(2003b) was used. The CMEs are initiated using an out-of-equilibrium semicylindrical flux
rope (Roussev et al., 2003a). The shocks generated by CMEs are important in the production
of Solar Energetic Particles (SEPs). Sokolov et al. (2004) simulated the time-dependent trans-
port and diffusive acceleration of particles at shock waves driven by CMEs. Aran et al. (2006)
have developed SOLPENCO, a tool for rapid predictions of proton flux and fluence profiles
observed during gradual SEP events. The geo-effectiveness of a CME event was simulated by
Ridley et al. (2006), who investigated the magnetospheric and ionospheric response to a very
strong interplanetary shock and associated CME.

Although idealised, these numerical simulations were able to reproduce many generic
features of CMEs seen in observations.
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5 Conclusions

In the last couple of years, the modelling of the solar wind and of CMEs superposed on this
wind has advanced to a stage where individual events can be simulated rather realistically and
then compared with observations. The current state-of-the-art 3D MHD models are beginning
to apply magnetogram data as input boundary conditions and are starting to include non-
MHD effects, such as solar particle acceleration and kinetic effects. Still, very few of them
are sufficiently developed to explain the real events in detail, and most of them only consider
one of the sub-problems involved in space weather modelling. Future models should aim to
model the entire process from CME initiation to CME evolution. However, this is a difficult
task as considerable variations of physical conditions in the solar photosphere, corona, and
interplanetary space involve many physical processes occurring on vastly different spatial and
temporal scales. One way to deal with this problem is to decouple the solar corona model
from a model solving the inner heliosphere and to use the output of the coronal model as
a boundary condition for the heliospheric model (Odstrcil et al., 2004a). Coronal models
need to simulate more complex physical processes while heliospheric models can use simpler
approximations over a much larger spatial domain. Computationally, it is also more efficient
to advance the heliospheric portion of the simulation independently of the coronal time step.
Another way to deal with the varying spatial scales is the use of adaptive mesh refinement
techniques, as done in the BATS-R-US code (Powell et al., 1999), or in the AMR-VAC code
(van der Holst & Keppens, in press). Currently, only two groups have developed advanced 3D
coupled MHD models to model a CME event from its initiation up to the interaction with the
magnetosphere of the Earth: the CORHEL model (Luhmann et al., 2004) at the University
of Boston and the Space Weather Modeling Framework (SWMF) (Tóth et al., 2005) at the
University of Michigan. In the SWMF one has the choice between different models for the
solar background wind as well as different CME triggering models. Using reasonably high
spatial resolutions in all of the coupled components, the SWMF runs significantly faster than
real time on massive parallel supercomputers.

With new solar missions launched (e.g. STEREO), more detailed observations will be-
come available, which in turn, will be used in more-realistic data-driven models. The con-
tinuous development of new numerical schemes, the improved computer facilities, and the
more detailed observations, will undoubtedly lead us to a more realistic modelling of solar
transients and will provide us more insight into the physics involved.
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Summary. SOLPENCO is a code developed as a first step toward the prediction of flux and fluences of
solar energetic particle (SEP) events. Its core is a data base that contains a large number of pre-calculated
energetic particle flux profiles. This allows a rapid computation, by interpolation, of particle fluxes and
fluences of other possible scenarios for gradual SEP events, under user’s demand (within a given range
of possibilities). SOLPENCO is based on the combined shock-and-particle transport simulation model
built by Lario et al. (1998). We shortly review the background physics of this model, how the data base
has been constructed, as well as the limitations of both the model and the code.

1 Introduction

Solar energetic particle (SEP) events are one of the most severe hazards of the solar induced
space weather phenomena. SEP events are highly random in nature and can lead to large radi-
ation doses, either in short time intervals or by accumulation in extended periods. SEP events
produce most of the particle fluence measured over a solar cycle as well as the highest proton
fluxes between 0.5 and 200 MeV. The radiation risks that SEP events represent to manned
spaceflights and to spacecraft operations have been extensively reviewed (e.g. Feynman &
Gabriel, 2000). Critical to the ability to design space missions is our capacity for predicting
SEP fluxes and fluences. The “Space Radiation Hazards and the Vision for Space Explo-
ration: Report of a Workshop” (Baker et al., 2006) summarises the state-of-the-art of our
understanding about human health risks from space radiation exposure, and its monitoring
and forecasting as related to exploration missions.

The most significant sources of SEP fluxes in the interplanetary (IP) medium are solar
flares and shock waves driven by coronal mass ejections (CMEs). As observed from a helio-
centric distance of 1 AU, the energetic particle flux enhancements produced by SEP events
may last several days and, in terms of total radiation dose, protons are the primary hazard
posed. The multiple processes involved in the development of SEP events include acceleration
and transport of particles in a time dependent system formed by the propagating CME-driven
shock, the associated evolving magnetic field topology, as well as the generation of magnetic
field fluctuations. Increasingly detailed models of the evolving shock properties, wave-particle
interactions and particle transport processes have been able to reproduce major features of the
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shock-associated SEP events (e.g. Lee, 2005) However, such models include necessary sim-
plifying assumptions that are not always constrained by observations (Lario, 2005).

In spite of these modelling efforts, the prediction of SEP events is still in its infancy.
Two excerpts of the report “Radiation Environment Models and In-Orbit Monitoring” of ESA
(Daly et al., 2005) illustrate the need for models that correctly describe the radiation en-
vironment for future missions: “. . . New requirements include the assessment of the temporal
behaviours (durations, peaks, threshold durations, spectral variations) and sounder treatment
of heavy ions in solar particle events...”. “. . . Helio-radial variations are therefore very diffi-
cult to derive without recourse to models of solar particle acceleration and propagation since
a significant proportion of the energetic particles are produced in interplanetary shocks.” The
US National Space Weather Program: Implementation Plan, FCM-P31 (1997) estimated a
period of ∼15 years before a reliable scientific model can be achieved.

The process of predicting the flux and fluence of large SEP events, days or hours in ad-
vance of their occurrence, is a formidable challenge that should accomplish the following
steps: (i) determine where, when and how a solar event will occur; (ii) specify the charac-
teristics of the associated CME, such as location, size, speed, and its ability to drive a shock
wave; (iii) determine the efficiency of the CME-driven shock at accelerating particles, as well
as how they will be injected into the IP medium; and (iv) forecast how these particles and the
associated shock will travel through IP space to reach spacecraft and/or astronauts.

2 Brief overview

SOLPENCO (SOLar Particle ENgineering COde) is a tool for predicting SEP fluxes and
fluences that aims to be useful for space weather purposes (Aran et al., 2004, 2005). The
core of SOLPENCO is a data base that contains a large number of pre-calculated particle flux
profiles, assuming a given injection rate of shock-accelerated particles (Lario et al., 1998) for
different solar-interplanetary scenarios. This allows a rapid computation of proton fluxes and
fluences by interpolation of similar scenarios for gradual SEP events, under user’s demand
(within a given range of possibilities). SOLPENCO provides the flux and cumulative fluence
profiles of SEP events characterised by the following parameters:
(1) the heliocentric distance of the spacecraft, either 1 AU or 0.4 AU;
(2) the initial speed of the shock, any value between 750 and 1800 km s−1;
(3) the heliolongitude of the solar parent activity, any value between W90 and E75;
(4) the mean free path, either 0.2 AU or 0.8 AU, for 0.5 MeV protons (scaled with particle

rigidity);
(5) the presence of a foreshock region, Yes or No; and
(6) the proton energy: 0.125, 0.25, 0.5, 1, 2, 4, 8, 16, 32 or 64 MeV.

All these parameters are input variables that the user can select through a friendly interface.
Therefore, the code provides at least, if only integer values of the initial speed and solar
heliolongitude are considered, 697,864 possibilities for each proton energy and heliocentric
distance. SOLPENCO can be run on-line at www.spaceweather.eu/es/model access interface
(registration needed) and it is available under request.

The outputs provided by SOLPENCO are:
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– the upstream duration of the event (i.e. the time from the onset of the activity at the Sun
up to the shock arrival at the spacecraft);

– the shock transit speed;
– the upstream fluence, integrated for all the energies over that selected by the user;
– the peak intensity at the selected energy and the time when it is attained; and,
– the flux and the cumulative fluence profiles.

These outputs are provided in either a data ASCII file and/or in a Portable Network Graphics
(PNG) display.

These outputs depend on the assumptions adopted in the model (Section 3) and the val-
ues used as input to describe the interplanetary scenario where the SEP event develops. By
“interplanetary scenario” we mean both the conditions for injection and propagation of shock-
accelerated particles (characterised by the input variables 2, 4, 5, and 6) and the relative posi-
tion of the observer with respect to the Sun (i.e. the heliocentric radial distance of the observer
and the heliolongitude of the parent solar activity characterised by the input variables 1 and
3). This heliolongitude also defines the direction of propagation of the shock in IP space by
assuming that the nose of the shock is centred in the heliolongitude of the parent solar activity.
For a given gradual SEP event, SOLPENCO interpolates among pre-calculated SEP profiles
in the data base which have the closest angular positions and initial shock velocities to those
chosen by the user.

3 Background physics

SOLPENCO is based on the combined shock-and-particle model developed by Lario et al.
(1998). This model assumes that the injection of shock-accelerated particles takes place at the
point on the front of the shock that magnetically connects with the observer (also known as
cobpoint, or Connecting with the OBserver POINT; Heras et al., 1995). The cobpoint changes
its location along the shock front and its properties as the shock expands in interplanetary
space.

The evolution of the interplanetary shock is described by means of the 2.5D magnetohy-
drodynamic (MHD) time-dependent model of Wu et al. (1983). This MHD model simulates
plasma disturbances that propagate through the IP medium, keeping symmetry with respect to
the equatorial plane. The domain of the shock propagation simulation extends from close to
the Sun (18 R�) up to 1.1 AU (it can be extended up to Mars’ orbit when necessary). Smith &
Dryer (1990) details the method of computation, the input pulse and the steady-state medium
where the shock propagates. For each SEP event, the model provides a simulation of the shock
propagation; thus we can estimate the strength of the shock at each time and for every point
along the shock front and in particular at the cobpoint. We mainly characterise this strength by
the downstream/upstream normalised velocity ratio, VR = (Vrd

−Vru)/Vru and the magnetic
field ratio, BR = |B|d/|B|u (where subscripts u and d stand for upstream and downstream
of the shock, respectively).

The simulation of the energetic particle propagation through the IP medium consists in
solving the focused-diffusion transport derived by Ruffolo (1995) that includes the effects of
focusing in the diverging magnetic field, pitch-angle scattering by magnetic field irregularities
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and solar wind convection and adiabatic deceleration effects. The source of particles is mo-
bile and located at the travelling shock front (see details in Lario et al., 1998). The pitch-angle
scattering is described by a diffusion process with a diffusion coefficient defined in terms of
the standard quasi-linear approximation for the interplanetary magnetic field (IMF) fluctua-
tions (Jokipii, 1966). Thus, the energetic particle transport equation has two main parameters:
the injection rate of shock-accelerated particles, Q, and their mean free path λ‖ (that depends
on the rigidity of the particles). These parameters are derived by comparing the output flux
and first order anisotropy profiles with the corresponding observational profiles of actual SEP
events by looking for the best possible simultaneous fit for all the considered energies.

The key point of the shock-and-particle model is that it allows us to compare the evolution
of the MHD variables at the cobpoint with the injection rate of shock-accelerated particles
derived from the transport model. Since both simulations are worked independently, any em-
pirical relation found between the injection rate and the MHD variables is independent of the
mechanism that accelerates particles at the shock. From modelling different SEP events (Lario
et al., 1998), we have been able to derive an empirical relation between the injection rate of
shock-accelerated particles,Q, and the MHD velocity jump across the front of the shock, VR,
at the cobpoint: the Q(VR)-relation. At present, our knowledge of the acceleration mecha-
nisms at the shock and the shock itself are still insufficient to perform accurate comparisons
of theory and observations in individual gradual events. Therefore, transport modelling using
phenomenological SEP source functions, as the one considered in SOLPENCO, is still an
important tool for space weather studies.

Once such a functional dependence as Q(VR) is derived, it is possible to invert the proce-
dure. That is, for a given solar event that triggers an interplanetary shock, the MHD simulation
of the shock propagation model provides the parameters of the shock (i.e. the velocity, density
and magnetic field compression ratios) all along its front and throughout its travel time toward
the observer, and in particular at the cobpoint. By adopting a Q(VR) relation we can evaluate
the number of particles to be injected onto the IMF line rooted at the cobpoint, and assuming
average parameters for the IP propagation of energetic particles along the IMF we can predict
the SEP intensities at any point in IP space.

To build up the data base of SOLPENCO we use the Q(VR) relation derived from mod-
elling several actual SEP events: logQ = logQ0 + kVR, when VR > 0.1 (Lario et al.,
1998). This expression allows us to relate the dynamic evolution of the shock strength at the
cobpoint to the rate at which shock-accelerated particles are injected. The factor k has been
taken as k = 0.5, the average value derived from modelling several SEP events for 0.5 MeV
protons (Aran et al., 2004), and this value is assumed to be the same for all energies. Q0

scales as a power law with energy, with a spectral index γ = 2 for E <2 MeV and γ = 3 for
E ≥ 2 MeV. These are average values derived from the literature (e.g. van Nes et al., 1984;
Cane et al., 1988) and from our modelled SEP events. The values of Q0 are taken from those
obtained from the simulation of the 24 – 26 April 1981 SEP event since this event presents an
almost constant value of k ∼0.5 (Lario, 1997; Aran et al., 2004).

Finally, we shortly comment four limitations of SOLPENCO that should be considered
in future versions of the code. A limitation of the shock-and-particle model is that it can
only be applied to the upstream part of SEP events. The shock front is a mobile source of
particles that injects them into both the upstream and the downstream regions and that highly
modifies the topology of the IP medium as it moves away from the Sun. A full description of
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the rapidly changing compressed downstream region is difficult for MHD models and, as a
consequence, a reasonable modelling of the energetic particle propagation in this region is not
straightforward. Lario et al. (1999) started from the modelled draping of the downstream IMF
around a magnetic cloud and described the focusing effects of the resulting IMF configuration.
Lee (2005) pointed out that the e-folding decay time of SEP intensities usually observed after
the shock passage can be explained in terms of the combination of two processes: the trapping
of particles between the shock and the Sun, and the adiabatic deceleration due to the expansion
of the downstream volume. This is a line to be worked out to model the downstream region of
SEP events.

The formation of CME-driven shocks and their characteristics are poorly understood. The
present available data and our observational capabilities do not allow us to discern when,
where and how shocks form close to the Sun and how energetic particles are first injected
into the IP medium. As a consequence, in our simulations we are forced to choose initial
input shocks at the inner boundary of the MHD code that better reproduce the passage of the
shock at the observer’s location as well as the jump parameters measured by the spacecraft.
Additionally, it is not possible yet to have quantified indicators of CME activity (initial shock
speed, direction, for example) and, in general, of any solar activity suitable to be used as
proxies of a shock formation.

It is important to adopt an MHD model for the description of the coronal/interplanetary
shock that starts near the corona (∼3 R�) because the high-energy component (>10 MeV) of
SEPs is usually generated in this region close to the Sun where the shock is still strong enough
to accelerate particles to high energies.

The value of the coefficient k in theQ(VR) relation varies with the energy of the particles
and from event to event. As far as we know, the unique way to asses it (and probably extending
it to BR) is modelling a large set of SEP events, mainly originated from solar longitudes
between W50 and E10. In order to calibrate this dependence and to quantify it for operative
purposes, these fittings must be compared to those synthesised by the code assuming the
previous Q(VR) relation. Finally, in order to extend this relation to higher energies (50 –
100 MeV), it would be also very useful to study the evolution of the anisotropy at these
high energies, because of the further constraints that can impose on theoretical models and
simulations.

4 Conclusions

SOLPENCO allows the user to obtain flux and fluence predictions of gradual SEP events orig-
inating from the western to far eastern locations, as seen at two heliocentric radial distances:
1 and 0.4 AU. The proton energy channels considered extend up to 90 MeV, to accommodate
the range of energies relevant to space weather purposes. This is a first step toward a fully and
reliable operational tool, but a large modelling effort is needed in order to fix the drawbacks
of the shock-and-particle model and SOLPENCO itself. Furthermore, it is basic obtaining ac-
curate particle, plasma and magnetic field data because without them, SEP event modelling
will remain limited. The potential applications and later developments in the starting era of
STEREO mission are appealing because, by the first time after the Helios-1 and -2, it will
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be possible to perform multi-spacecraft analysis of SEP events in a systematic way. Never-
theless, STEREO will not be able to give insights into the variation of SEP events with the
heliocentric distance. To estimate these variations, physics-based models and tools such as the
shock-and-particle model and SOLPENCO are needed.
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Summary. Comprehensive understanding of the dynamics of the coupled solar wind – magnetosphere
– ionosphere system is of utmost interest, both from the perspective of solar system astrophysics and
geophysics research and from the perspective of space applications. The physical processes involved in
the dynamical evolution of this complex coupled system are pertinent not only for the Sun-Earth con-
nection, but also for major phenomena in other astrophysical systems. Furthermore, the conditions in
geospace - collectively termed space weather - affect the ever increasing technological assets of mankind
in space and therefore need to be understood, quantified and efficiently forecasted. The present collabo-
rative paper communicates recent advances in geospace dynamic coupling research through modeling,
simulations and data analysis and discusses future directions.

1 Introduction

The dynamic processes governing physical conditions in geospace, which have been collec-
tively termed space weather in the course of the last decade, have strongly attracted the sci-
entific community because they reflect the influence of a star on a planetary environment.
The particular planetary environment not only is an accessible natural plasma laboratory but
moreover happens to be the cradle of mankind.

However, key dynamic processes such as magnetic reconnection and charged particle ac-
celeration, which are studied in situ in geospace, are also relevant for major universal phe-
nomena in other astrophysical systems.

Accordingly, understanding the dynamics of the coupled solar wind - magnetosphere -
ionosphere system is of broader astrophysical interest. Furthermore, this understanding has
recently been gaining technological relevance because of the ever increasing technological
assets of mankind in space, which are endangered by extreme space weather disturbances.

This paper is a collaborative communication of specific recent advances in geospace re-
search and has the following structure. Section 2 gives a synoptic presentation of the cur-
rently sole European global magnetohydrodynamic (MHD) simulation modeling the geospace
plasma environment using solar wind parameters as input, and reports some recent results.
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Section 3 discusses the influence of convection and substorms on the build-up of the storm-
time ring current and presents the relevant results of a three-dimensional dynamic ion-tracing
model. Section 4 presents the results of recent comparative modeling studies, where the role
of substorm-induced impulsive electric field on the build-up of the storm-time ring current is
investigated. The paper concludes with a section on modeling of the ionospheric storm-time
response at middle latitudes.

2 MHD simulations for modeling the entire solar wind - magnetosphere
- ionosphere system

Currently, the only self-consistent method to model the entire solar wind - magnetosphere -
ionosphere system is based on ideal MHD theory, where plasma is assumed to be fluid having
electromagnetic properties. In principle, a computationally efficient code can describe the
coupled solar wind - magnetosphere - ionosphere system in real time, using measurements in
the solar wind as input. However, in practice there are several difficulties in building a fully
operational simulation that can be used for forecasting the space environment. Even with the
fastest computers the existing codes still have to make compromises with spatial resolution in
order to speed up the code execution to the real-time limit.

GUMICS-4 (Janhunen, 1996), developed at the Finnish Meteorological Institute, is the
only European global MHD simulation modeling the Earth’s plasma environment using so-
lar wind parameters as input. GUMICS-4 consists of two computational domains: The MHD
domain including the solar wind and the magnetosphere and the electrostatic domain includ-
ing the ionosphere. The two domains are linked together by electron precipitation and field-
aligned currents from the magnetosphere, which together with the ionospheric conductivity
define the ionospheric potential. This potential is mapped back to the magnetosphere where
it is used as a boundary condition for the MHD solution. Like most global MHD simula-
tions, GUMICS-4 predicts the system behavior well in the outer magnetosphere (e.g., mag-
netopause), whereas the inner magnetosphere with overlapping plasma populations having
different temperatures is less well in accordance with in-situ measurements (Palmroth et al.,
2003). In the ionosphere, GUMICS-4 is known to be temporally and spatially in agreement
with different measurements, but the magnitude of the ionospheric effects is lower than ex-
pected (Palmroth et al., 2005, 2006a).

In the space weather point of view, GUMICS-4 has been used to develop a mathematic for-
mula between the ionospheric total power dissipation and the solar wind parameters (Palmroth
et al., 2004, 2006a). It was found that the formula using the solar wind parameters correlates
with over 80% correlation coefficient with the GUMICS-4 power in the ionosphere, which in
turn is temporally in agreement with measurements. The importance of this is that the for-
mula may be found useful in predicting the ionospheric total power dissipation from the solar
wind measurements. Assuming that the solar wind parameters are transmitted real-time from
the first Lagrange point between the Sun and the Earth, this gives about one hour lead time
to prepare for large energy dissipation creating harmful effects, such as increased friction on
low-altitude spacecraft orbits.

The first attempt of quantitative investigation of energy transfer from the solar wind into
the magnetosphere has been carried out with GUMICS-4 (Palmroth et al., 2003). Recently,
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the initial results have been extended into more systematical direction. The energy and mass
transfer appear to have a different spatial and temporal variation on the outer edge of the
magnetospheric domain, the magnetopause (Palmroth et al., 2006b). The energy transfer was
identified as being a consequence of the electromagnetic energy focusing towards the magne-
topause, while the mass transfer preferably occurred during quiet geomagnetic conditions.

Clearly different from earlier speculations, it has been recently noticed that the energy
transfer at the magnetopause depends on earlier enhanced magnetic activity, such that after
strong driving the energy transfer remains enhanced (Palmroth et al., 2006c). This is demon-
strated in Figure 1, where the results for the total power transferred through the magnetopause
is depicted in four simulation runs, where the interplanetary magnetic field (IMF) was rotated
360◦ from north to south and north again. The IMF direction is shown on top of the panel. The
time axis (run time, RT) is simulation time from the beginning of the rotation such that 00:00
RT is the time when the first change in the solar wind reaches the dayside magnetopause. The
dashed line is the scaled function of IMF sin2(θ/2), where θ is the angle of the IMF with
respect to north. The function has been proposed to represent the effect of IMF direction in
the energy transfer (e.g., Kan & Lee, 1979). Figure 1 suggests that while during the downleg
phase (during rotation from north to south) the total power through the surface is rather well
represented by sin2(θ/2) function, during the upleg phase (rotation from south to north) the
power input stays enhanced longer than the sin2(θ/2) function indicates in all four runs.

3 Modeling storm-time substorms

Ring current development and the role of magnetospheric convection and substorm injections
is one of the central issues of geospace storm dynamics. Modeling has been used extensively
to support our effort to clarify the relative influence of convection and substorms on the ring
current development.

A way to approach the problem is to examine temporal and spatial variations of ion energy
densities in the inner magnetosphere during storms both with and without substorm occur-
rence. This is done with a a three-dimensional dynamic ion-tracing model. The geomagnetic
field used is simulated through the Tsyganenko model (Tsyganenko, 1989), which gives a
description of the average magnetic field configuration for 6 different levels of geomagnetic
activity. It includes contributions from external sources such as the ring current, the magne-
totail current system, the magnetopause currents and the large-scale system of field-aligned
currents.

The large-scale steady convection electric field in the magnetosphere is calculated by the
Volland-Stern model (Volland, 1973; Stern, 1975). It has been arranged to fit most general
features of electric fields observed by polar orbiting satellites.

The electric field induced by a transition of the geomagnetic field, from an initial level to
a final one, more or less disturbed, is derived by the vector potential technique of Delcourt
(Delcourt & Sauvand, 1994).

The plasma sheet in the Earth’s magnetotail plays a key role as a source of the ring current
particles. We therefore traced plasma sheet particles under the scenarios described above. In
order to reach substantial conclusions, we need to run a significant number of simulations for
a large variety of initial conditions, and for a large number of test particles. Running the code
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Fig. 1. Total power input through magnetopause (solid) in four runs with different solar wind pressure
and magnetic field magnitude conditions. The IMF direction is shown above. The dashed lines are the
scaled sin2(θ/2) for each run. See Palmroth et al. (2006c) for details.

on parallel platforms has the potential of reducing the total computing time, making thus the
investigation of a multitude of cases possible. Therefore we have parallelized the code and
run it on the Hellas-Grid computing grid.

In Figures 2–3 we present temporal and spatial variations of the energy density of plasma
sheet H+ and O+ particles respectively. During this particular run we traced 2000 particles
with the following initial parameters: magnetic local time (MLT): near midnight, magnetic
latitude: 5◦–15◦, pitch angle: 60◦, energy: 1 keV.

This work addresses the importance of substorm-induced electric fields in the build-up
of particle radiation during geospace magnetic storms. We do this through a test-particle ap-
proach of ion transport and energization, simulating a convection-only storm and a storm-
with-substorms case.

The results of the simulation show that for both ion species the inclusion of substorm-
induced electric fields renders ion acceleration much more efficient. The difference in ener-
gization is much more prominent for O+ ions, which have been know to be preferentially
accelerated by substorm-induced electric fields (e.g., Daglis & Axford, 1996).



Solar wind - magnetosphere - ionosphere coupling 273

(a) (b)

Fig. 2. Temporal and spatial variations of energy densities of plasma-sheet H+, in the equatorial plane,
under the influence of (a) a large convection electric field only and (b) a storm-time substorm, during
the growth phase.

(a) (b)

Fig. 3. Temporal and spatial variations of energy densities of plasma-sheet O+,in the equatorial plane,
under the influence of (a) a large convection electric field only and (b) a storm-time substorm, during
the growth phase.

4 The role of substorm-associated electric fields in the ring current
development

It is clear that the relative importance of the large-scale convection electric field and the
substorm-associated electric fields in the energization and transport of ions into the ring cur-
rent is still an open question.

Observations show that substorm-associated electric fields usually display a very compli-
cated behavior (Maynard, 1996). The enhanced electric fields are impulsive with amplitudes
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of up to 20 mV/m, which is more than three times the largest convection electric field, and co-
incident with the braking of the fast flows and correlated with the magnetic field dipolarization
in the inner central plasma sheet (Tu et al., 2000 and references therein).

Ganushkina et al. (2005) studied the role of electric field pulses in the ring current for-
mation by tracing protons numerically in the guiding center approximation in Volland-Stern
large-scale convection electric field and Tsyganenko T96 magnetic field models. In addition,
they introduced substorm-associated variations as electric field pulses, similar to Li et al.
(1998), at substorm onsets. It was shown that the large-scale convection alone can transport
the ions to the observed ring current location, but that the electric field pulses were neces-
sary to get the observed energy spectrum peaking at several tens of keV. The formation of
the ring current is thus a combination of convection and pulsed inward shifts and consequent
energization.

In order to evaluate the energy range, which is most important for the ring current energy
content during storms, Ganushkina et al. (2005) analyzed Polar CAMMICE MICS particle
data during 27 storms. The energy density and total energy of ring current protons were com-
puted in the low (1–20 keV), medium (20–80 keV), and high (80–200 keV) energy ranges.
The statistical results showed that the medium energy protons contributed most to the total
ring current energy during the storm main phase. During the recovery phase, the high energy
protons played a dominant role.

Further development of the particle tracing procedure made it possible to trace protons
with arbitrary pitch angles, assuming conservation of the 1st and 2nd invariants, in different
time-dependent magnetic and electric fields (Figure 4). For May 2–4, 1998 storm, using sta-
tionary Volland-Stern electric field model, the results showed that the main contribution to
the ring current energy comes from protons with medium energies of 20-80 keV during the
entire storm (Figure 4a). The contribution from the high energy protons was very small. Using
other empirical electric field models, such as Boyle et al. (1997) polar cap potential applied
to Volland-Stern type convection electric field, or varying the plasma sheet number density
and/or temperature in the initial distribution showed similar results (Figure 4b). However,
when the substorm activity was represented by incorporating the time varying fields associ-
ated with dipolarization in the magnetotail (similar to Sarris et al. (2002) pulse model), the
contribution from the high energy protons became dominant during the storm recovery phase
(Figure 4c).

Recently, three ring current models were used by Ganushkina et al. (2006) to follow the
evolution of the proton ring current during the 2001-04-21–25 storm: The ring current model
combined with tracing particles numerically in the drift approximation by Ganushkina et al.
(2005), the empirical model of proton fluxes in the inner magnetosphere developed by Milillo
et al. (2003), and the kinetic ring current-atmosphere interaction model (RAM) by Liemohn et
al. (2001). It was found that (1) using more realistic magnetic field models leads to reduction
of the ring current energy content by 30%; (2) details of the global convection field have little
influence on the overall ring current evolution; (3) smaller-scale impulsive electric field have
profound effects on the ring current evolution, particularly with regard to the acceleration of
the higher-energy particles; and (4) in the ring current models, the choice of the initial and
boundary conditions have significant effects on the modeled ring current intensity and energy
spectrum.
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Fig. 4. Calculated proton ring current energy in Joule for total (1–200 keV, dashed lines), medium
(20–80 keV, thin solid lines) and high energies (80–200 keV, thick solid lines) while tracing in (a)
Tsyganenko T96 magnetic field and Volland-Stern electric field, (b) T96 and Boyle et al. (1997) polar
cap potential applied to Volland-Stern model, and (c) with addition of electric field pulses at substorm
onsets, together with the measured Dst index (d) for May 2–4, 1998.
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As observations and modeling have shown, the substorm-associated electric fields are ef-
fective in the particle transport and energization. There is a great need to get more realistic
models for the electric field. Likewise, there is an equal need for better and more compre-
hensive electric field observations that could be used to constrain such models both for the
large-scale convection and smaller-scale temporally evolving structures.

As summarized above, the present state of our understanding of the magnetospheric dy-
namics is quite advanced. Thus, gaining new understanding will necessarily require complex
models of the electromagnetic fields and particle motion. This will require combination and
coupling of multiple sources as well as large-scale and small scale processes. The relative sig-
nificance of these is still an open issue and calls for detailed as well as synoptic observations,
preferably simultaneously.

5 Modeling of the ionospheric storm-time response at middle latitudes

The ionosphere is directly associated to the solar radiation and it strongly couples to the
neutral atmosphere and the magnetosphere and therefore the forecasting and modeling of the
ionospheric storm-time response is appeared to be a challenging scientific objective, while it
is a strong requirement for state of the art space weather applications.

There have been several attempts to simulate the storm-time response of the thermosphere-
ionosphere system using theoretical models, but the increasing demand for models suitable
for real time applications turned the efforts in the development of empirical storm-time iono-
spheric models driven by geomagnetic activity indices. Such is the STORM Time Empirical
Ionospheric Correction Model (Araujo-Pradere et al., 2002), which uses the 3-hour Ap index
and the empirical model proposed by Kutiev & Muhtarov (2001), in which geomagnetic ac-
tivity level is expressed by the kp index. A statistical approach to the problem was proposed
by Muhtarov et al. (2002), in which the prediction efficiency of an autocorrelation model was
improved by adding a synthetic geomagnetic index extracted from the predicted Ap in the
Geomagnetically Correlated Autoregression Model (GCAM). Validation tests of the models’
performance gave evidence for a limited improvement over climatology since the available
geomagnetic activity indices either direct or transformed do not provide high enough corre-
lation with ionospheric disturbances and there is no efficient geophysical index to predict the
ionospheric storm onset, its magnitude and duration (Mikhailov et al., 2005).

Taking advantage from: i) recent studies that support the high correlation of ionospheric
disturbances with Bz-IMF disturbances (Mikhailov et al., 2005) and the direct correlation of
the IMF disturbances in terms of total IMF magnitude and Bz-IMF changes with the quali-
tative signature of ionospheric storm disturbances at middle latitudes (Belehaki & Tsagouri,
2002), ii) the availability of IMF observations in real-time from the NASA Advanced Compo-
sition Explorer (ACE) spacecraft from the vantage L1 point, and iii) recent advances in iono-
spheric storm dynamics (e.g., Proelss 1995; Tsagouri et al., 2000), an empirical storm-time
model for nowcasting and forecasting ionospheric disturbances at middle latitudes, suitable
for both scientific and operational purposes was recently suggested by Tsagouri & Belehaki
(2006) driven by IMF conditions. The model was designed to introduce a storm time cor-
rection factor to the reference ionosphere level taking into account the IMF conditions and
the local time of the observation point. Validation tests of the model’s performance showed
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significant improvement over climatology during storm days, while the model’s predictions
successfully capture the physical processes that governs the ionospheric storm onset and the
ionospheric storm effects’ temporal evolution during the first 24-hour, providing significant
evidence for the close connection between solar wind disturbances and ionospheric storm
effects at middle latitudes.
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Summary. The solar wind-magnetosphere interaction has a turbulent character which is not accounted
for by commonly used geomagnetic indices and OMNI parameters. To quantify the level of low-
frequency turbulence/variability of the geomagnetic field, IMF, and solar wind plasma, we have intro-
duced a set of ULF wave power indices. These simple hourly indices are based on the band-integrated
spectral power in the 2-7 mHz range. The ground geomagnetic wave index has been produced from
data of ground-based magnetometer arrays in the northern hemisphere. The interplanetary and geosta-
tionary wave indices have been calculated using magnetometer and plasma data from interplanetary and
geosynchronous satellites. The set of ULF wave indices has turned out to be an easy-to-use tool for
the statistical analysis of various space weather problems. For example, these indices enables one to
construct with the multi-regression analysis a path diagram which gives a complete description of the
relative importance of interplanetary parameters in driving the ground ULF activity. The enhancements
of relativistic electrons at the geosynchronous orbit correlate well with intervals of an elevated ground
ULF wave index. This fact confirmed the importance of magnetospheric ULF turbulence in energizing
electrons up to relativistic energies. The interplanetary index has revealed statistically the role of the
interplanetary turbulence in IMF/solar wind driving of the magnetosphere. The application of this index
to the analysis of conditions in the solar wind prior to magnetic storms has shown that a weak irregular
increase of the solar wind density is observed on average 2 days before the storm commencement. The
ULF index database for the period since 1991 is freely available via anonymous FTP for all interested
researchers to further validation and statistical studies.

1 Introduction: the Necessity of Wave Indices

The interaction between the solar wind (SW) and the terrestrial magnetosphere is the primary
driver of many magnetospheric plasma processes. This interaction has often been treated un-
der the implicit assumption of quasi-steady and laminar plasma flow. However, many of the
energy transfer processes in the magnetospheric boundary regions have a sporadic/bursty char-
acter, and observations have highlighted the importance of including the effects of turbulence
(Borovsky et al., 2003). The turbulent character of SW drivers and the existence of natural
MHD waveguides and resonators in near-terrestrial space in the lower ULF frequency range
(∼1-10 mHz) favours a quasi-periodic magnetic field response to SW forcing at the boundary
layers. Much of the turbulent nature of plasma processes in SW-magnetosphere interaction
can be observed in the ULF range with ground and space based sensors.
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Progress in understanding and monitoring the turbulent processes in space physics is ham-
pered by the lack of convenient tools for their characterization. The existing geomagnetic in-
dices and OMNI hourly average parameters quantify the energy supply in certain regions of
the coupled SW-magnetosphere-ionosphere system and are used as primary tools in statistical
studies of solar-terrestrial relationships. However, these indices characterize the steady-state
level of the electrodynamics of the near-Earth environment. Until recently there was no index
characterizing the turbulent character of the energy transfer from the SW into the magneto-
sphere and the short-scale variability of near-Earth electromagnetic processes. However, for
many space weather related problems a proxy for the level and character of low-frequency
turbulence, even if a crude one, is of key importance. We will call it a ”ULF turbulence in-
dex”.

A new hourly turbulence index, based on the spectral ULF power in the Pc5 frequency
band, was introduced by Kozyreva et al. (2006). The wave power index characterizes the
ground ULF wave activity on a global scale and is calculated from northern hemisphere
high-latitude ground-based magnetometer data. The ground power index is complemented
by interplanetary and geostationary ULF wave indices as indicators of the turbulent state of
the interplanetary space and the magnetosphere. The set of wave power indices derived from
ground, geostationary, and interplanetary monitors provides scientists with a convenient and
easy-to-use tool for the statistical study of the role of MHD turbulence in SW-magnetosphere
interactions. In this paper we test the role of these ULF indices for statistical studies of various
aspects of the solar-terrestrial relationships and demonstrate their merits and disadvantages.

2 Algorithm of the ULF Wave Index Construction

The algorithm for constructing the ULF wave index (Kozyreva et al., 2006) is based on an
estimate of the ULF wave power Fj = Bj(f)2 (j = 1, 2, ...) in the band ∆f from fL to fH ,
averaged over Nc components:

T =
1
Nc

∆f∑
j

∫ fH

fL

Fj(f)df

1/2

(1)

The signal component S of the spectral power is calculated similar to (1), but with the
background spectral power F (B)(f) subtracted from the total spectral power F (f), namely
Fj(f) → Fj(f) − F

(B)
j (f). The background spectrum is determined as a least-square fit

of the power-law spectral form F (B)(f) ∝ f−α in a chosen frequency band. The spectral
power below F (B)(f) is attributed to noise Nj(f), so Tj = Sj +Nj . However, the statistical
relationships obtained with the two indices T and S turned out to be very similar. The final
product is composed from the suite of the following hourly ULF wave indices:

- The ground ULF wave index (TGR, SGR) is a proxy for global ULF activity. It is derived
from the peak values of wave powers computed from 1-min samples of the horizontal compo-
nents of all magnetometer stations in the 05 to 15 MLT sector (to exclude irregular nighttime
disturbances), and in the latitudinal range from 60◦to 70◦geomagnetic latitude. An extension
of the latitude range does not influence significantly the resultant index.
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- The geostationary ULF wave index (TGEO, SGEO) is calculated from 1-min 3-compon-
ent magnetic data from GOES satellites and quantifies magnetic fluctuations in the region of
the geostationary orbit.

- The interplanetary ULF wave index (TIMF , SIMF ) quantifies the short-term IMF vari-
ability and Tn the solar wind fluctuations. They are calculated from 1-min resolution data
from the interplanetary spacecraft WIND and ACE. The data are time-shifted to the terrestrial
bow shock (∼15 RE). Alternatively, the 1-min OMNI database may be used.

In this paper we demonstrate that a wide range of space physics studies may benefit from
the introduction of the ULF wave index. The availability of a simple proxy for the near-Earth
turbulence gives the possibility to visualize its role in solar-terrestrial relationships.

3 Solar Wind/Magnetosphere Coupling

The turbulent/eddy viscosity of the SW flow passing the magnetosphere is controlled to a
considerable extent by the level of upstream turbulence. Therefore, the degree of global cou-
pling of the SW flow to the magnetosphere appears to be influenced by the level of SW/IMF
turbulence upstream of the Earth (Borovsky et al., 2003). The eddy viscosity concept predicts
that the magnetosphere behaves as a turbulent high-Reynolds-number system, so the coupling
lessens when the level of upstream turbulence lessens. Therefore, the presence of turbulence
inside and outside the magnetosphere should have profound effects on the large-scale dynam-
ics of the system through eddy viscosity and diffusion.
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Fig. 1. The dependence of auroral activity, as characterized by AE index (in nT), on the IMF driver Bz

(in nT) for quiet (logTIMF < 0) and turbulent (logTIMF > 0) IMF for the period 1994–1995.

With the help of the ULF index TIMF we confirm that a more turbulent SW results in a
higher effective degree of SW coupling to the magnetosphere (Borovsky et al., 2003; Gon-
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charova et al., 2004). The auroral response, characterized by the hourly average of the AE in-
dex, is compared to the strength of the SW driver, characterized by the IMFBz component, for
laminar and turbulent IMF (Figure 1). The IMF is considered turbulent when logSIMF > 0
and steady when logSIMF < 0. Comparison of median curves shows that under southward
IMF condition (Bz < 0) AE grows nearly linearly with an increase of the magnitude of Bz .
For northward Bz the average AE values do not strongly depend on the SW driver. The auro-
ral response to turbulent IMF is generally higher than to laminar IMF. The difference is most
significant for IMF Bz ≥ 0 when one expects viscous interaction to dominate over reconnec-
tion. Our comparison confirms that the magnetosphere is driven more weakly when the IMF
turbulence level is low.

4 Which IMF Parameters Control the Ground ULF Wave Activity?

Numerous studies have shown that the SW velocity is the key parameter to control the ground
ULF activity. However, these results were obtained using data from a few selected stations
which were subject to diurnal variations owing to the Earth’s rotation. The new global ground
ULF index SGR provides the opportunity to verify this result. The correspondence between
the ground ULF wave power and the solar wind speed V is for slow SW (V < 450km/s) and
fast SW (V > 450km/s), see Figure 2, left panel. The distribution has clear lower and upper
boundaries (indicated by dashed lines), indicating that for any V the ground wave activity
cannot exceed a V -independent saturation level. The occurrence of lower and upper bound-
aries signifies that the intensity of ground fluctuations is within certain limits for any given V .
These statistical results should be explained by theories of ULF wave excitation through the
Kelvin-Helmholtz instability.
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Fig. 2. Correspondence between the global ground ULF activity, as characterized by log SGR index, and
the SW velocity V (left panel) and IMF orientation Bz (right panel).
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However, the SW velocity is not the only controlling factor of magnetospheric ULF wave
activity. Figure 2 (right panel) shows different SGR distribution patterns for northward (Bz >
0) and southward (Bz < 0) IMF. Statistically the ground ULF wave activity is somewhat
higher under southward IMF. This may indicate that reconnection contributes to processes
which stimulate ULF activity.

Ground and interplanetary ULF power indices provide a convenient tool not only for the
visualization but also for the statistical analysis of the SW-magnetosphere interaction thereby
accounting for the turbulence aspect. As an example we consider the path analysis of the
possible drivers of ground ULF wave activity. Path analysis is a visualization of multiple re-
gression - a diagram showing possible causal relationships between the variables. The relative
strengths of the path coefficients (standardized regression coefficients) are used to determine
which paths have the most influence on the dependent variable. In the path diagram solid
lines represent positive and dashed lines negative correlations. The effect of each independent
variable on the ground ULF activity, characterized by the TGR index, is considered to be a
combination of both direct and indirect paths.

N

V

Bz

Timf

Tn

Dst

Tgr

Bz < 0

Fig. 3. Path diagram showing
the direct and indirect influence
of IMF/SW parameters on
ground ULF activity under
southward IMF conditions.
The standardized regression
coefficients attached to the
arrows indicate the relative
contribution of each controlling
parameter to the magnitude of
TGR.

The diagram in Figure 3 shows that V has the greatest direct effect on ground ULF activity
for southward IMF, with some contribution from Bz and N . There are also contributions
from indirect paths via IMF/SW turbulence and ring current formation as characterized by the
TIMF , TN , and Dst indices.

5 IMF and SW Variability Before Magnetic Storms

SW density fluctuations with time scales ∼2-250 min are often observed many hours before
magnetic storm onsets (Khabarova et al., 2006). The change of the SW turbulence in the
ULF frequency range is verified statistically using the new wave indices. We consider here
the interplanetary ULF wave index Tn derived from the ACE plasma measurements. Figure 4
shows histograms of Tn distributions over all times of an entire year and during the 12-hour
interval before storm onset, for solar minimum (1995, left panel) and solar maximum (2000,
right panel). The samples include all storms with an intensity exceeding Dst < −50 nT. The



284 Pilipenko et al.

histograms show a shift of the Tn distributions to higher values in the 12 hours before storm
onset both at solar minimum and maximum. The enhancement becomes less evident if a 2-day
interval before onset is used (not shown). Thus, the SW density becomes more turbulent and
irregular about at least 1/2 day before the arrival of solar stream causing a storm.

Fig. 4. Statistical distribu-
tions of the Tn index during
solar minimum (left) and so-
lar maximum (right) years:
yearly distribution (white),
distribution during 12-hour
interval before storm on-
set (blue) and intersection
between them (green).

This fact may be considered as an indication of a pre-conditioning of storm stimulation.
The plasma density enhancement near the heliospheric current sheet (HCS) and high-speed
corotating streams adjacent to the HCS plasma sheet may occur. The presence of naturally oc-
curring irregular high densities and stream-stream compressive effects may indicate that both,
an L1 spacecraft and the Earth, are approaching the HCS region The histogram may indicate
that statistically the region of the corotating stream interaction with the HCS is favorable for
triggering moderate storms.

6 ULF Wave Index and ”Killer” Electrons

Here we consider the application of the ULF wave index to the problem of magnetospheric
electron acceleration up to relativistic energies. The relativistic electron events are not merely
a curiosity for scientists, they can have disruptive consequences for spacecrafts (Pilipenko et
al., 2006). Commonly, relativistic electron enhancements in the outer radiation belt are asso-
ciated with magnetic storms (Baker et al., 1998; Reeves, 1998), though the wide variability
of the response and the puzzling time delay (∼2 days) between storm main phase and the re-
sponse has hampered the identification of responsible mechanisms. Moreover, some electron
events may occur even without a magnetic storm or during a very mild storms (|Dst| ∼ 20-
40 nT). An example of such an event on is shown in Figure 5. In this case a high-speed solar
stream arrives without a favorable Bz and consequently does not trigger a substantial storm
(as measured by the Dst index).

The efficiency of non-identified mechanisms of energetic electron acceleration is strongly
enhanced upon increase of V . Because the SW does not interact directly with magnetospheric
electrons, some intermediary must provide energy more directly to the electrons. Rather sur-
prisingly, ULF waves in the Pc5 band (at a few mHz) have emerged as a possible energy
reservoir: the presence of Pc5 wave power after minimum Dst was found to be a good in-
dicator of relativistic electron response (O’Brien et al., 2001). In a laminar, non-turbulent
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magnetosphere the ”killer” electrons would not appear. The proposed mechanism of electron
acceleration to∼100 keV supplied by substorms is a revival of the idea of the magnetospheric
geosynchrotron: pumping of energy into seed electrons is provided by large-scale MHD waves
in a resonant way when the wave period matches an integer multiple of the electron drift pe-
riod (Elkington et al., 1999; Ukhorsky et al., 2005). However, this mechanism is not the only
one, a local resonant acceleration upon interaction with high-frequency chorus emissions was
claimed to be responsible for the electron energization (Meredith et al., 2003).
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The example shown in Figure 6 shows that an increase of the relativistic electron flux up
to 2–3 orders occurs after weak storms, but the increase after strong storm was much shorter
and less intense. At the same time, the correspondence with ULF wave activity is quite well
for all events.
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Figure 6 suggests that long persistent ULF activity is more important for electron acceler-
ation than short-term ULF bursts even if intense. Thus, the cumulative ULF index

〈SGR〉 = τ−1

∫ t

−∞
SGR(t) exp(−t/τ)dt (2)

integrated over a time frame τ ∼ 2− 3 days might be a more appropriate parameter than the
standard ULF index. Indeed, the correlation of electron flux with integrated ULF-index in-
creases substantially, from ∼0.5 to ∼0.8 (see Figure 7). The cross-correlation function shows
that the elevated level of ULF wave activity precedes the peak of relativistic electron flux for
about 2 days (Mann et al., 2004), whereas the same delay for the cumulative index is about
1 day. This increase of correlation, probably, implies the occurrence of a cumulative effect of
some diffusion process.
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7 Conclusions

The new ULF wave power index is a simple and convenient tool for the description of the
turbulence of the SW-magnetosphere system. It can be applied to various space physics prob-
lems. If employed to examine the SW plasma structure in front of the Earth it may serve as a
medium-term magnetic storm forecast. A preliminary analysis using these indices has eluci-
dated the role of ULF turbulence in the magnetospheric field and particle response to SW/IMF
forcing. The correlation between ”killer” electron flux and time-integrated ULF power is high,
which indicates that the mechanism of a ”magnetospheric geosynchrotron” does contribute to
the electron acceleration. Therefore, the ULF index should be taken into account by any ad-
equate space radiation model. The ULF index database for the period since 1991 is freely
available via anonymous FTP (space.augsburg.edu/MACCS/ULF-index) or may be requested
on CD from authors for further validation and statistical studies.

Acknowledgments. This study is supported by the INTAS grants 05-1000008-7978 and
YSF 05-109-4661, and NSF grant ATM-0305483. We appreciate the help of O. Kozyreva in
the index production.



ULF Wave Power Index 287

References

Borovsky, J.E., Funsten, H.O.: Role of solar wind turbulence in the coupling of the solar wind
to the Earth’s magnetosphere, J. Geophys. Res., 108, 1246, doi:10.1029/2002JA009601
(2003)

Kozyreva, O.V., Pilipenko, V.A., Engebretson, M.J., Yumoto, K., Watermann, J., Romanova,
N.: In search of new ULF wave index: Comparison of Pc5 power with dynamics of geosta-
tionary relativistic electrons, Planet. Space Science, 55, 755–769 (2006)

Goncharova, M.Yu., Pilipenko V.A.: The IMF Bz variability - high-latitude magnetic activity
index relationship, Proc. of Conf. in memory Yu. Galperin 3-7 Feb., 2003 ”Auroral phe-
nomena and solar-terrestrial relations”, Boulder, SCOSTEP, 134–141 (2004)

Khabarova, O., Pilipenko V., Engebretson M.J., Rudenchik E.: Solar wind and interplanetary
magnetic field features before magnetic storm onset, Proc. of the 8-th International Confer-
ence on Substorms, Canada, 127–132 (2006)

Pilipenko, V., Yagova, N., Romanova, N., Allen, J.: Statistical relationships between the satel-
lite anomalies at geostationary orbits and high-energy particles, Advances in Space Res.,
37, 1192–1205 (2006)

Baker, D.N., et al.: Coronal mass ejections, magnetic clouds, and relativistic magnetospheric
electron events: ISTP, J. Geophys. Res., 103, 17279–17291 (1998)

Reeves, G.D., Relativistic electrons and magnetic storms: 1992-1995, Geophys. Res. Lett.,
25, 1817–1820 (1998).

O’Brien T.P., McPherron R.L., Sornette D., Reeves G.D., R. Friedel, Singer H.J.: Which mag-
netic storms produce relativistic electrons at geosynchronous orbit? J. Geophys. Res., 106,
15533–15544 (2001)

Elkington, S.R., Hudson M.K., Chan A.A.: Acceleration of relativistic electrons via drift-
resonant interaction with toroidal-mode Pc5 ULF oscillations, Geophys. Res. Lett., 26,
3273–3276 (1999)

Ukhorskiy, A.Y., Takahashi K., Anderson B.J., Korth H.: Impact of toroidal ULF waves on the
outer radiation belt electrons, J. Geophys. Res., 110, A10202, doi:10.1029/2005JA011017
(2005)

Meredith N.P., et al.: Evidence for chorus-driven electron acceleration to relativistic ener-
gies from a survey of geomagnetically disturbed periods, J. Geophys. Res., 108, 1248,
doi:10.1029/2002JA009764 (2003)

Mann I.R., O’Brien, T.P., Milling, D.K.: Correlations between ULF wave power, solar wind
speed, and relativistic electron flux in the magnetosphere: solar cycle dependence, J. Atmo-
sph. Solar-Terr. Phys., 66, 187–198 (2004)





Empirical modeling of the magnetospheric ring current

Anna Milillo and Stefano Orsini

INAF/IFSI, Rome, Italy
anna.milillo@ifsi-roma.inaf.it, stefano.orsini@ifsi-roma.inaf.it

Summary. By using theoretical models of plasma dynamics, it is possible to reconstruct the evolution
of many magnetospheric processes; nevertheless, these models need the support of both electric and
magnetic field models, and they can simulate only known processes. Conversely, the empirical models
are mainly based on statistical analysis; hence, they start from observations, not from processes. Statis-
tical analyses and the derived empirical models are important complements to theoretical models and
simulations since the former represent the actual conditions. The empirical models of the inner mag-
netosphere ion distribution by Milillo et al. (2001) and of the pitch angle distribution by De Benedetti
et al. (2005) have proved to be successful in deriving average features of the ring current as well as in
obtaining the long-term development of the ion distributions during quiet and disturbed periods. The
major goals of this approach are: 1) the description of the equatorial proton population during quiet
times and the quantitative characterization of their spatial and energetic distribution; 2) the evidence of
some key features of the proton distribution strictly connected to the solar wind characteristics; 3) the
investigation of the evolution of magnetospheric ion populations during geomagnetic disturbances and
their role in the ring current development. In this paper we review the above mentioned studies.

1 Introduction

Generally, theoretical models provide a useful tool for the understanding of the dynamics of
the magnetospheric plasma. The models are based on known physical processes but require
assumptions and approximations such as adiabaticity, electromagnetic configuration, active
loss/source processes, boundary conditions, etc. (e.g., Ebihara and Ejiri (2000); Jordanova et
al. (2001); Fok et al. (2001); Liemohn et al. (2001); Ganushkina et al. (2005)). Sometimes
they are linked to observations used as boundary conditions (e.g., Fok et al. (1996)). But
they cannot explain processes which are active in the magnetosphere and not included in the
model. For this reason, statistical analyses and the derived empirical models are important
complements to theoretical models and simulations since they represent the actual conditions.

Empirical models of the inner magnetospheric ion population were developed thanks to
the ion data collected in a systematic way after the end of the 1980s by the AMPTE-CCE,
Polar (Acuna et al., 1995) and LANL satellites. In fact, the AMPTE-CCE/CHEM data allowed
to perform statistical studies in order to study both the quiet and storm time ring current
(Kistler et al., 1989; Daglis et al., 1990; Sheldon and Hamilton, 1993; Orsini et al., 1994; Fok
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et al., 1996; Jordanova et al., 1996). Sheldon and Hamilton (1993), for instance, compiled
a quiet time data set from AMPTE-CCE/CHEM data. Their selection criteria were based on
both Dst and Kp indexes. Fok et al. (1996) used the same data set as initial condition in order to
compare specific storm-time AMPTE-CCE/CHEM data with theoretical simulations. Orsini
et al. (1994) compiled a data set by ordering the H+, He+, and O+AMPTE/CCE/CHEM
observations according to three levels of the AE index. By using these data, the average plasma
pressure at different geomagnetic activity levels was derived, (Lui and Hamilton, 1992; De
Michelis et al., 1999; Milillo et al., 2003).

More recently, Roeder et al. (2005) used more than three years (between 1996-1999) of
particle flux data by the Polar/CAMMICE/MICS (Wilken et al., 1992) and Hydra instruments
to build empirical models of the plasma environment (H+, O+and electrons) at energies be-
tween 20 eV and 200 keV in the Earth’s inner magnetosphere. The combination of the CAM-
MICE/MICS and Hydra models provides the average ion flux as a function of position in the
magnetosphere regardless of geomagnetic activity. Korth et al. (1999), averaging one year of
LANL/MPA data (Bame et al., 1993; McComas et al., 1993), performed a statistical analysis
of the geosynchronous plasma in order to study the plasma sheet access.

Data collection and/or storage problems may be overcome when the experimental data are
treated through an analytical approximation. Milillo et al. (1999, 2001) introduced the formu-
lation of an empirical model capable of reproducing the inner magnetospheric distributions of
the 90◦pitch angle proton flux at low geomagnetic activity (AE <100 nT) trough a functional
form, directly derived from the average AMPTE-CCE/CHEM ion fluxes. The functional form
of Milillo et al. (2001), referred to as MODEM (Milillo-Orsini-Daglis-Empirical-Model), is
expressed as a function of the L-shell parameter (L), energy (E) and Magnetic Local Time
(MLT). The same data set has been used to derive an H+pitch angle distribution model (De
Benedetti et al., 2005), referred to as PADEM (Pitch-Angle-Distribution-Empirical-Model).
This model describes the pitch angle distribution of the proton flux as a function of geocentric
distance, energy and MLT, normalized by the 90◦pitch angle flux at low geomagnetic activity.
By combining these two models a full description of the proton distribution is available.

By varying a few parameters of the MODEM according to local measurements, the general
characteristics of the long-term evolution of the proton distributions during quiet as well as
storm times are reproduced (Orsini et al., 2004; Milillo et al., 2006). This easy and quick
approach (referred to as dynamic MODEM) proved to be a useful tool for global viewing
magnetospheric dynamics from local measurements.

The empirical models are useful not only to obtain global average distributions but also
for many other purposes. In fact, they can be used as initial and/or boundary conditions for
the theoretical models (Ebihara et al., 2002). Furthermore, macroscopic quantities (such as
energy density, total energy, perpendicular current density and so forth) which characterize
the inner magnetosphere can be derived and compared to the results of theoretical models
(Milillo et al., 2003; Ganushkina et al., 2006). Milillo et al. (2003) derived from MODEM an
electric field model that can be used as input for theoretical particle circulation models.

The organization of this paper is as follows. The ion data base is briefly described in
section 2. Section 3 summarizes the method followed in order to determine the functional
forms of MODEM and PADEM. Some of the dynamic MODEM results are described in
section 4.
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2 Statistical Analysis

The the AMPTE-CCE/CHEM instrument (Gloeckler et al., 1985) measures energetic ions in
32 logarithmically equally spaced energy channels ranging from 1.5 keV to 316 keV. Data
collected in the equatorial inner magnetosphere between L=3.0 and L=9.5 over the whole
mission period (1985 through 1987) were analysed. Measurements of the three main species
in the Earth’s inner magnetosphere (H+, He+and O+) were divided into three different classes
according to geomagnetic activity (AE<100 nT, 100 nT<AE<600 nT and AE>600 nT) and
averaged within bins of 0.25 (L), 1 hour (MLT), and 20◦pitch angle (Orsini et al., 1994). An
extract of the data set (proton fluxes at low geomagnetic activity) is shown in Fig. 1 in the
form of an L-E diagram.

Fig. 1. Proton fluxes
for AE<100 nT vs L
and E (in keV). For
each L-E bin the pitch
angle distribution is
color-coded. Different
panels refer to different
MLT: 0000, 0300, 0600,
0900, 1200, 1500,
1800, 2100 (from De
Benedetti et al. (2005)).
The H+AMPTE-
CCE/CHEM
measurements at L<5
and E<30 keV are not
guaranteed to be free
from background noise,
due to contamination by
the radiation belt high
energy ions/electrons.

The varoius panels of Fig. 1 evidence the presence of two main proton populations in
the Earth’s inner magnetosphere. One at energies lower than few tens of keV extends up to
L=9 and is strongly asymmetric in azimuth, the other at higher energies is more symmetric
in azimuth, but strongly energy-distance dependent, in fact, the flux increases in energy in
the inner regions. This second population is not seen in the O+distribution (see Fig. 2) as
evidenced by Orsini et al. (1994) and Roeder et al. (2005).

The physical interpretation of these two populations is that lower energy proton fluxes are
directly linked to the entry from the plasma sheet via convection and/or injection. These fluxes
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are strongly influenced by electromagnetic fields; hence, they are subjected to the asymme-
tries that characterize these fields. The higher energy population is associated with particles
which reside inside the magnetosphere for a longer period. The L-E behavior is in fact typ-
ical for low diffusion conditions (Ejiri, 1978). Since the proton life time (approximately the
charge-exchange characteristic time, Orsini et al. (1994)) is longer than the O+life time this
population is evident only in the H+data set.

Fig. 2. Color-coded H+(top) and O+(bottom) differential flux as a function of L and e as derived
by AMPTE-CCE/CHEM averaged observations (MLT 2300-0100). Left panels refer to periods when
AE<500 nT, right panels refer to 500 nT<AE<1000 nT periods (from Orsini et al., 1994).

3 Stationary Empirical Models

3.1 MODEM

MODEM, describing the 90◦pitch angle equatorial proton differential flux per energy and
steradiant, f, consists of the composition of different empirical functions of L, e=log(E) and
MLT (h). Some functions are probably the analytic description of contamination due to high-
energy particles that affected the original data or of transient intense phenomena that affect
the averaged fluxes; for example, they can be related to the dayside detached auroras (Zhang
et al., 2003, 2004). Hence, the description of convected or injected population as well as
diffused population is described by a subset of the model as stated in Milillo et al. (2003).
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The considered subset is: 1) a wide Gaussian function in L that describes the basic ion flux at
intermediate energies (5-60 keV); 2) a Gaussian function in L characterizing the high-energy
population (E>20 keV). The first function is weighted by a step function due to the sharp flux
cut-off below L≈3.5.

One of the major outcomes from this stationary model is the relation between the char-
acteristic energy of the convected/injected population and MLT. In Fig. 3, upper panel, the
intensity of the strongest flux is displayed in an MLT-e frame. In fact, there is a clear linear
relation between log(E) and MLT which is described by the MODEM parameter COAG2B=-
0.0318h+3.66. This relation is in good agreement with the relation concerning the character-
istic energy of the nose structure during low Kp (Vallat et al., 2007), see Fig. 3, bottom panel.
This effect is due to the combination of the convection of particles in the presence of the
magnetic and electric field together with the loss processes acting in the inner magnetosphere
that produce an energy dependent flux decrease resulting in a gap in the energy distribution
depending on MLT (Milillo et al., 2003).

Fig. 3. Top panel: Contour plot in an MLT-e frame of the maximum flux of the convected/injected
population at low geomagnetic activity (from Milillo et al. (2001)). The characteristic energy of the
population increases from midnight toward dusk and decreases toward dawn. Bottom panel: Character-
istic energy of the nose structure vs. MLT for Kp=0 and Kp=1 (Vallat et al., 2007). Note that the energy
axis is logaritmic in the upper panel and linear in the second one.
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3.2 PADEM

PADEM consists of a multi-parametric functional form that depends on pitch angle, energy,
L-shell and a few independent factors. Different factors are determined for different MLT
hours. This is the first model capable to accurately reproduce the average proton pitch angle
distribution in the whole inner magnetosphere. It reveals interesting statistical features many
of which confirm the results of previous studies related to magnetic field drift shell splitting
(e.g., Roederer (1967)), electric field drift shell splitting (Korth et al., 1983) and magnetopause
shadowing (e.g., West et al. (1973)). For example, pitch angle anisotropy is higher in the
inner regions than in the outer regions (Fok et al., 1995). Generally, fresh particles, convected
from the plasma sheet, have more isotropic PAD while long time resident particles exhibit
anisotropic PAD essentially for two reasons: i) they have different trajectories in the inner
magnetosphere according to their pitch angle, producing both butterfly and pancake PAD; ii)
they are affected by charge-exchange loss processes (acting on low energy ions that reach high
latitudes at low altitudes, where the geocoronal density is higher) or by pitch angle scattering
and wave-particle interactions (acting on high-energy particles, see Fok et al. (1996), mainly
at higher latitudes), thus generating pancake PAD.

Fig. 4. Grey-scaled L-MLT polar
map of the parameter describing
the energy where the PAD becomes
more isotropic defined for 5<L<9.
The circle at L=1 with the night side
in bold is also indicated (from De
Benedetti et al. (2005)).

De Benedetti et al. (2005) found that in the outer regions the PAD exhibit isotropic or
less pronounced pancake profiles at a specific energy which exhibits a clear MLT dependence
(Fig. 4). It increases clockwise giving the impression of a spiral shape. In fact, starting in the
inner regions in the night-dusk sector at an energy of 3 keV, it reaches values close to 10 keV
on the day side; it is almost constantly 20 keV between L=5 and L=9 in the dawn side and
increases from 20 keV up to values close to 100 keV in the night side inner regions; finally, at
dusk, after a complete circle, a second isotropization is noticeable at larger distances at ener-
gies of tens of keVs. This feature seems to be related to the last closed paths of the particles.
In fact, the E>30 keV particles escape in the dusk flank while the 5 keV<E<30 keV particles
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penetrate deeper and circulate around the Earth acquiring more energy by approaching intense
magnetic field regions. Where the electric equipotential lines are closed in quiet conditions,
fresh particles are not seen.

4 Dynamical Proton Distribution Model

Dynamic MODEM was used to derive a realistic global picture of the inner magnetosphere
from in situ spacecraft measurements (Orsini et al., 2004; Milillo et al., 2006). The procedure
is performed by tuning a subset of the model parameters in order to reconstruct the devel-
opment of the measured data at a given location. The six selected parameters deal with the
characteristics of the two plasma distributions described by MODEM: intensity, position and
width of the two energy spectra. Orsini et al. (2004) showed that generally a good relation
exists between the selected parameters and the Dst index. For instance, Fig. 5 shows that the
width of the convected/injected population increases with geomagnetic activity.

Fig. 5. Scatter-plot of the running averages
of the parameter that describes the width
of the convected/injected population versus
averaged Dst. The average statistical uncer-
tainties within 1 standard error are plotted
in steps of 10 nT as solid bars (from Orsini
et al. (2004))

Milillo et al. (2006) found that the same parameter increases according to the convection
electric field, VswBz , and this increase occurs simultaneously with the solar wind arrival at
the magnetopause in the night sector while it has different time shifts proceeding clockwise
(dusk, noon, dawn). This reflects the sudden response of the flux distribution to the electric
field increase in the night side and the clockwise circulation of the ”fresh” particles.

Ganushkina et al. (2006) compared the results of theoretical models with those from dy-
namic MODEM, evidencing that the contribution of different ring current populations to the
total energy during storm time has a clear development. The empirical approach reveals a good
agreement with the observed geomagnetic disturbances, as well as with the result evidenced
by Ganushkina et al. (2005) which shows that the higher energy particles contribute mainly
during recovery phase thanks to the effect of the electric field pulses during the storm. In
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fact, the dynamic MODEM diffused population contributes mainly during the storm recovery
phases.
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Summary. We here give a review of existing empirical models of solar wind, magnetosphere, and
ionosphere coupling. We focus on models that have been implemented for real time operation and that
are publicly available on the Internet. We discuss useful prediction lead time and how it can be studied
using wavelet coherence. This analysis is applied to the Dst forecasts of the RWC-Sweden model and it
is shown that although the forecasts are very accurate they are not accurate enough to provide true 1–2
hour forecasts. We believe this is a general result for the 1–2 hour forecast models. When predicting
indices one should instead relate the lead time to the time scale of the process. This necessitates the use
of solar observations or statistical models.

1 Introduction

The prime goal of empirical models is to make predictions of the future given information
of the past (Farmer and Sidorowich, 1987). An empirical model extracts relations from data.
The physical understanding of the problem, the generic form of the empirical model, and the
amount and quality of the data that are of importance for the success of the model to predict
the true system. The physical knowledge of the system is usually coded into the model, e.g.
through selection of physical observables, transformations of observables, selection of data,
and/or constraining the model. In Section 2 we list empirical models that are available through
the Internet.

As we wish to make predictions of the future we need to decide on possible prediction lead
time when constructing the model. Of course, one always wish to make as long a prediction
as possible, however, the physics of the system sets an upper limit. Going past the physical
limit will always lead to a statistical prediction, which may be useful, but it relies on that there
is some static behaviour. Having a first idea on prediction lead time one may construct several
models that explores different lead times. This leads to the importance of proper validation of
the model with respect to lead time (Section 3).
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2 Online empirical models

We have identified 18 models that run in real time operation that forecasts some magneto-
spheric or ionospheric parameter. In Table 1 we list the models ordered with respect to predic-
tion lead time. We also try to give the physical explanation to the forecast lead time (Physics
column). In the following we will focus on Dst models that predict a few hours ahead.

Table 1. Online empirical models. The Physics column indicates the reason for the lead time: “L1-Earth”
means the solar wind advection time from L1 to Earth; “ring current” is the ring current dynamics;
“mag.sph.” is general magnetospheric dynamics; “statistics” means that there is no physical explana-
tion, it is a statistical model. The Model column indicates either the model name or the provider of the
forecast.

Parameter Lead time Physics Model

foF2 0 hours - SEC (Fuller-Rowell et al., 2001)
RMS dB/dt 30 min L1-Earth RWC-Sweden (Wintoft et al., 2005)
AE 1 hour L1-Earth GIFINT (Pallocchia et al., 2006)
Dst 1–2 hours L1 + ring current RWC-Sweden (Lundstedt et al., 2002)
Dst 1–2 hours L1 + ring current GIFINT (Pallocchia et al., 2006)
Dst 1–2 hours L1 + ring current LASP (Temerin and Li, 2006)
Kp 0–6 hours L1+mag.sph.+statistics RWC-Sweden (Boberg et al., 2000)
Kp 30–90 min L1 + mag.sph. SEC (Costello, 1997)
Kp 1, 4 hours, 4 days L1+mag.sph.+statistics UPOS (Wing et al., 2005)
Pseudo K 24 hours Statistics RWC-Canada (Coles and Lam, 1998)
foF2 24 hours Statistics STIF (Muhtarov et al., 2002)
MUF 24 hours Statistics DIFS (Butcher, 2005)
> 2 MeV el. 2 days Radial diffusion of el. LASP (Li et al., 2001)
Ap 3 days Statistics GIFS (Thomson et al., 1993)
Ap 3 days Statistics SEC
> 2 MeV el. 3 days Rad. difff.+statistics SEC (Baker et al., 1990)
> 2 MeV el. 8 days Above+Sun-solar wind model SEC (Baker et al., 1990)
Ap 27 days Solar rotation + static SEC (SEC, 2005)

There are several models for Dst. The LASP model (Temerin and Li, 2006) uses an
ARMA-type filter with non-linear terms and is quite complex. Dst is calculated from a sum
of six terms:

Dst = dst1 ∗+dst2 ∗+dst3 ∗+(pressure term)∗+(direct IMF Bz term)∗+(offset term)
(1)

where the dstn terms, n = 1, 2, 3, contain a driver term that depends on the solar wind and a
decay term. The star (∗) indicates that these terms are also modulated by a function depending
on season. There are about 150 coefficients in the model that are found through searching the
space “by hand” in order to minimise the RMS error between predicted and observed Dst.

The Dst model at RWC-Lund (Lundstedt et al., 2002) uses an Elman neural network. This
type of network is a recurrent neural network (RNN) that contains feed-back connections that
adds memory and complex behaviour
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yi(t) = tanh

 3∑
j=1

wijxj(t)) +
4∑

k=1

cikyk(t− 1) + bi

 (2)

Dst(t+ 1) =
4∑

i=1

viyi(t) + a (3)

(4)

where the inputs are x1 = Bz , x2 = n, and x3 = V . Time t is in hours. The solar wind data
were obtained from the OMNI data set which contains data from several different spacecraft.
In that data set all data have been transformed as if they were measured at a sub-solar point
at Earth. The 1-hour prediction lead time comes from ring current dynamics.When using data
from and L1-spacecraft, like ACE, there is additional lead of 30-60 minutes due to the L1-
Earth travel time.

The GIFINT model (Pallocchia et al., 2006) is very similar to the RWC-Lund model but
uses only solar wind IMF data as input. The model has also three inputs (x1 = Bz , x2 = B2,
and x3 = B2

y) and four context units (k = 1, 2, 3, 4). The main reason to use IMF only is that
the magnetometer onboard ACE is not affected by proton events like the plasma instrument.

3 Evaluating prediction lead time

It is very difficult to decide which model is the optimal among all available models when only
overall measures like RMS error or correlation is used. In Figure 1 we show the observed
solar wind velocity V , magnetic field Bz , and Dst together with the predicted Dst (top three
plots) from the model by Lundstedt et al. (2002) during a 1000-hour period starting in 4th
May 1981. The linear correlation is 0.93 and the RMS error is 13 nT. The predicted Dst (red)
follows the observed Dst (blue) well. However, evaluating the model by looking at the plotted
Dst is misleading considering that we are doing 1-hour forecasts. To study the prediction in
detail we apply a wavelet coherence algorithm (Grinsted et al., 2004) to the observed and pre-
dicted Dst (middle of figure). Now it becomes evident when the model works and at what time
scales it works. The red areas indicates a strong correlation, while the blue areas indicates a
weak correlation. The thick black line marks areas with significant correlation. At time scales
longer than 32 hours a strong correlation is seen most of the time. At shorter time scales the
correlation varies significantly. It is only during the storm periods that the correlation exists
down to scales of 3–4 hours. Thus, the 1-hour forecasts of Dst has limited use as the predic-
tions only starts to work at scales of, in the best case, 3–4 hours, and more typically at 16
hours. This is also the time scales of the typical storms and these are the events caught by the
eye when judging the Dst plot. However, it is also seen that when there is significant corre-
lation the predicted and observed Dst are in phase as indicated by the horizontal rightward
pointing arrows.

It is instructive to compare the wavelet coherence for a persistence model Dst(t + 1) =
Dst (bottom of Figure 1). There is a strong correlation at all times and all scales (red area) but
looking at e.g. the 4-hour scale the arrows are pointing vertically upwards indicating a phase
shift of 90 degrees which is consistent with the 1-hour shift introduced by the persistence
model.
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Fig. 1. From top to bottom: solar wind velocity (km/s), magnetic field component Bz (nT), observed
Dst (blue) and predicted Dst (red) in nT, wavelet coherence between observed Dst and predicted Dst
for the RWC-Sweden model, and wavelet coherence for the pesristence model. The period covers 1000
hours starting on 4th May 1981. In the wavelet coherence plots a strong correlation is coloured red and
weak correlation is blue. The arrows indicates phase shifts so that rightward pointing horizontal means
no shift and upward pointing means 90 degree lag. The period goes from 2 hours up to over 256 hours.
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4 Discussion and conclusions

There are several successful models that have been implemented to forecast different space
weather parameters. However, the demands put on a model for real time operation is different
from that of a model for studying solar-terrestrial relations. The forecast lead time must be
thoroughly analysed in order to judge the usefulness of the model. We showed here with one
example, the Dst model by Lundstedt et al. (2002), that the accuracy of the 1–2 hour forecasts
is not sufficient to be truly useful in a real time situation, a result that probably holds for other
1-hour forecast models. However, even if a model could be developed that truly forecasts Dst
1–2 hours in advance, such a model would probably have limited use for a space weather
forecast application, as it would imply that there is an application that is highly correlated
with Dst.As indices describe large scale processes and have specific limitations (Baumjohann,
1986; Campbell, 2004; Kamide and Rostoker, 2004) this is unlikely. These short term forecast
models are more suited for nowcasting and post-event analysis. To forecast indices one should
look at the time scale of the process to motivate a useful prediction lead time. For Dst storms
this is about 20 hours, or possibly down to 4 hours if focusing on the main phase only. From
a physical view point this is a problem when a solar wind monitor at L1 is used. The solution
is to either use a model with solar observations as inputs (lead time ∼3 days) or to use a
statistical model.
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Summary. This paper is focused on forecasting the Dst index from solar wind data in two different
ways. In a first stage, we briefly recall a recent Artificial Neural Network (ANN) algorithm for the Dst
prediction called EDDA Pallocchia et al. (2006), based on IMF inputs only and compare its performance,
over a two and half years period, with that of the Lundstedt et al. (2002) algorithm and the Wang et al.
(2003) algorithm, which both make use of both IMF and plasma inputs. We show that: 1) all three
algorithms perform similarly for ”small” and ”moderate” storms; 2) the EDDA and Wang algorithms
perform similarly and considerably better than the Lundstedt et al. (2002) algorithm for ”intense” and
for ”severe” storms; 3) the EDDA algorithm has the clear advantage, for space weather operational
applications, that it makes use of IMF inputs only.

In a second stage, we analyze the different ways of alerting of severe geomagnetic activity. After
a description of the state of the art of warning using IMF and solar wind plasma, we compare using
OMNIweb database the results obtained with previous methods and that proposed by Saiz et al. (2007)
using only IMF as input for a new forecasting tool. The results presented evidence, not only that this
new tool is a proper one for technological purposes, but also that solar wind-magnetosphere interaction
involves more physical mechanisms than magnetic reconnection.

The advantage of forecasting Dst from IMF only lies in the fact that plasma data are at times less
reliable and display data gaps more often than IMF measurements, especially during large solar distur-
bances, i.e during periods when space weather forecast are most important.

1 Introduction

In the past years, many studies have been devoted to the relation between Dst and solar wind
conditions. Among them we recall Gonzalez et al. (1994), who studied extensively the storm
time profile and intensity in relation with the solar wind structures associated with CME’s and
Corotating Interaction Regions (CIR’s), and Gonzalez et al. (2005), who studied the relation-
ship between peak Dst and peak negative Bz during intense geomagnetic storms; moreover,
we recall the recent review by Yermolaev et al. (2005) and all references therein. In a com-
plementary way several authors tried to forecast Dst from measurements of the Interplanetary
Magnetic Field (IMF) and solar wind plasma parameters. As a result, a number of empiri-
cal models has been developed, based on differential equations (see e.g. Burton et al. (1975),
Fenrich and Luhman (1998), O’Brien and McPherron (2000), Temerin and Li (2006), Wang
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et al. (2003)), statistical correlative analysis (Baker , 1986), linear filtering (McPherron et al.,
1988), nonlinear filtering (Klimas et al., 1992) and on artificial neural networks (see Lundstedt
et al. (2002) and references therein). All of them have, as their inputs, both magnetic and solar
wind data. Pallocchia et al. (2006) remarked that plasma instruments can be affected by en-
hanced solar X-ray and energetic particle fluxes and can fail more often than magnetometers;
moreover, the solar wind speed exceeds at times the upper instrumental limits of plasma de-
tectors. On the other hand, during these events a reliable Dst forecast is most needed, as such
disturbances can be accompanied by very large geomagnetic storms. Therefore, operational
Dst forecasting services cannot neglect the failures of L1 plasma monitors. In this paper we
report on two new approaches to the forecasting of geomagnetic storms, both based on IMF
data only: the first one based on an ANN algorithm ((Pallocchia et al., 2006), and (Amata
et al., 2007)); the second one consisting in a tool which does not reconstruct the individual
Dst values as a function of time, but warns on real time of severe geomagnetic activity ((Saiz
et al., 2007)).

2 The EDDA ANN algorithm based on IMF only

Pallocchia et al. (2006) developed a new ANN algorithm based on L1 IMF inputs only, called
EDDA (Empirical Dst Data Algorithm) and Amata et al. (2007) described a comparison of
its performance with that of two previous algorithms: the first one also based on the ANN
technique and developed by Lundstedt et al. (2002); the second one based on differential
equations and is due to Wang et al. (2003). In the following we will refer to them as ”Lund”
and ”Wang”, while we will refer to the Kyoto World Data Centre Dst data as the ”Kyoto” Dst.

Both EDDA and Lund are based on Elman networks (Elman, 1990) with 4 hidden neurons.
Lund has three inputs: solar wind density, n, and speed, V , and the Bs parameter (defined as
Bs = |Bz|, for Bz < 0, and Bs = 0, otherwise). EDDA has three inputs: B2, Bz and B2

y .
Wang is a first order differential equation algorithm, which calculates Dst(t) from plasma
density, n(t), the x component of plasma velocity, Vx(t), and IMF Bz(t) at the time t, dy-
namical pressure Pdyn(t + 1) at the time t + 1 (in hours) and a starting value of Dst at the
time t0, where t0 < t. The EDDA, Lund and the Wang algorithms were trained and tested
over periods up to 2002, 2001 and 2002 respectively and were compared for the period Jan-
uary 2003 - 15 May 2005. Amata et al. (2007) examined all storm periods for that period and
found that in general all three algorithms perform reasonably well and in a similar fashion for
small and moderate storms, while Wang and EDDA perfomed similarly and better than Lund
for larger storms. We discuss hereafter in some detail a moderate storm and a severe storms
pertaining to the selected period.

The left panel of Figure 1 shows EDDA, Lund, Wang and Kyoto data (red, blue, green and
black lines, respectively) from 00 UT on 7 to 00 UT on 11 May 2005. The Kyoto Dst shows
two storms, the first starting around 18 UT on 7 May with a broad minimum of ' −95nT
between 3 and 7 UT on 8 May, and the second starting around 11 UT of 8 May, during the
recovery phase of the first storm, when the Dst had risen back to ' −50nT , and reaching its
minimun of ' −120nT around 17 UT on 8 May. After that, the recovery lasted more than
two days. All three algorithms roughly reproduced the duration of the first minimum but at a
higher level by ' −75nT . The second storm was reproduced correctly as regards its initial
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Fig. 1. EDDA (red dashed line), Wang (blue dashed line), Lund (green dashed line) and Kyoto (black
solid line) Dst index plotted for 07 – 11 May 2005 (left panel) period and 07–16 November 2004 (right
panel).

phase, especially by Wang which displayed a drop from' −50nT to' −100nT between 11
UT and 13 UT on 8 May. After that time the recovery started for all three algorithms, several
hours in advance with respect to the Kyoto Dst, Wang performing better than EDDA and Lund
by ' 20nT .

The right panel of Figure 1 shows EDDA, Lund, Wang and Kyoto data from 00 UT on 7 to
00 UT on 16 November 2004. The Kyoto Dst displays a very deep minimum of' −375nT at
' 07UT . This is followed by a recovery to' −100nT over 18 hours and by two storms, with
minima of ' −150nT and ' −215nT , at 20 UT and 23 UT, respectively, on 9 November,
and a larger storm with a minimum of ' −295nT at 10 UT on November 10. The final
recovery lasts more than 6 days. Lund follows the time sequence of events displayed by the
Kyoto Dst, but fails to reproduce the minima, as it falls to ' −200nT for the first storm and
to ' −160nT for the fourth one (while it misses altogether the second and the third smaller
ones). Conversely, both Wang and EDDA display a dip which closely resembles that of the
Kyoto Dst with a minimum at' 07UT , although the minimum value is somewhat lower being
' −440nT , i.e. 117 per cent of the Kyoto minimum.The recovery is better reproduced by
EDDA, while the third storm is better forecast by Wang; the second storm is underestimated by
both algorithms, while the fourth one is well reproduced by both, apart from a lower (higher)
minimum seen by Wang (EDDA). Finally, from 12 UT on 12 November onwards the levels
of the Wang and EDDA Dst approach the Lund rather than the Kyoto Dst.

3 Forecasting severe geomagnetic activity

Several authors have concluded that there is a high probability for intense storms to be trig-
gered during the southward IMF passage (see Tsurutani (2001) and references therein). Gon-
zalez and Tsurutani (1987) found that duskward interplanetary electric fields greater than 5
mV/m over periods exceeding 3 hours were related to intense storms (Dst < −100nT ).
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Tsurutani (1995) found that this electric field condition was approximately equivalent to
Bz < −10nT .

Instead of looking at Dst peak value as the magnitude considered in quantifying geoeffec-
tiveness, Saiz et al. (2007) considered that significant variations in this index were at least as
dangerous as the lowest values of it. Then, they developped a new tool for real time warning
of these events. This real time forecasting tool has been developped to forecast those events
where Dst index variations are less than −50nT per hour. Different conditions have been
used inside the tool: the first order differential equation of Burton et al. (1975) and Wang et al.
(2003) or the new proposal of Saiz et al. (2007). In this last case the tool has only the z com-
ponent of IMF as input, although in the previous ones, also solar wind density and velocity
are required as input parameters.

For the validation of the tool, data from the OMNIweb database were used. This database
provides one-hour resolution data for the years 1963 to 2006. Five-minute resolution data are
also available for 1995 to 2005. There are 96 events from 1963 to 2006 where Kyto Dst varies
more than −50nT per hour, although from 1995 to 2005 the number of events is reduced
to 30, which the tool should forecast. To select these events, we have considered that in the
case of multiple-step storms, only the first warning was considered, and then, only one event
appears. This set of events selected includes in it the most severe geomagnetic storms.

3.1 Warning with solar wind plasma and IMF

The first attemp of forecasting with the tool was made using the first order differential equa-
tion of Burton et al. (1975). After a correction of dynamic pressure effects, the Dst variation
was obtained with this equation as a combination of a source term, or injection function, and
a loss term proportional to own Dst index. Several authors have considered this model pro-
viding different expressions for the injection function and the recovery time [e.g. Fenrich and
Luhman (1998), O’Brien and McPherron (2000), Wang et al. (2003)]. In the tool, we have
considered the injection function from Burton et al. (1975) and Wang et al. (2003)(after ’case
of Burton’ or ’case of Wang’). We have regarded as a warning when the injection function
is over −50nT for one hour. With this criterion, we have disregarded the decay term in the
differential equation. The inputs of the tool are in both cases, Burton and Wang, solar wind
density, n, and speed, V , and the Bs parameter (see above). In both cases the results are very
similar. Only 32 per cent of events with data available were predicted on time in the case of
Burton and only 37 per cent in the case of Wang. By other hand, the number of ’late warning’
events (this term means that the tool achieves a warning but after the event happens at terres-
trial surface) is comparable to the number of hits in both cases. Moreover, the number of false
alarms (that is, the tool achieves a warning but variation of Dst is less than −50nT per hour)
and the total number of on time and late hits are somewhat similar. These results indicate that
the forecasting tool is not accurate enough for technological purposes.

3.2 Warning only with Bz

Highly varying IMF is observed at the begining of severe geomagnetic storms, in such a way
that when variation of Bz increases, then, the Dst index decreases. These large changes in
Bz use to happen at interplanetary shocks or sheaths followed by ICMEs. Daglis et al. (2003)
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pointed out that, when a northward turning of the IMF and a dynamic pressure enhancement
occur simultaneously during a long interval of southward IMF, a major substorm is triggered.
These facts guided to Saiz et al. (2007) to relate significant variations on Bz and Dst. Then,
the second attemp of forecasting was done implementing in the tool the proposal of Saiz et al.
(2007). In this case the tool needs only one input, Bz . This fact avoids the failures in plasma
instruments in L1 refered before (Pallocchia et al., 2006).

Fig. 2. Results of forecasting using the proposal of Saiz et al. (2007) with hourly (left) and five-minutes
(right) resolution data as a function of the variation of Dst

The condition of the tool to achieve a warning is based on the variations ofBz for a certain
time interval. First, it is computed the difference between the maximum and the minimum
value of Bz in that time interval. If this variation is over a threshold, then the tool gets a
warning of severe geomagnetic activity. The tool has to be trained with historical data sets in
order to get the best time interval value and the threshold value before being useful to forecast
in real time. We have trained the tool with one hour resolution data and the best results are
obtained for a time interval of 3 hours and a threshold of 30nT , meanwhile for five minute
resolution data the threshold is shifted to 44nT . The results using this tool as a real time tool
are shown in Figure 2. In both cases, hourly and five-minutes resolution, we can forewarn
of every event with variations of Dst less than −150nT per hour and data available. In the
case of one hour resolution data, results for other intervals of variations of Dst are comparable
to those of the cases of Burton and Wang, but in this case only Bz was used, in contrast to
previous tool where solar wind density and velocity data were used to determine the warning
signs.

In the case of five minutes resolution, the number of ‘false alarms’ is reduced to only
four events. This fact, along with 70.4 per cent of hits relative to events without data gaps,
and 100 per cent of hits for variations of Dst less than −75nT per hour, indicates that our
tool is successful. On the other hand, all the ‘fail events’ (those that the tool misses) presented
variations of Dst in the interval (−60,−50)nT per hour, that is, they were the less geoeffective
events. Moreover, every one of them presented also a variation of Bz value in the interval
(30, 40)nT . Thus, these events let us estimate the accuracy range of our forecasting tool.
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4 Conclusions

In this paper we briefly reviewed two new approaches to the problem of geomagnetic storms
forecasting, both based on IMF data only.

The first approach lead to the development of an ANN algorithm called EDDA (Pallocchia
et al., 2006). Amata et al. (2007) performed a quantitative comparison between the EDDA,
Lund (Lundstedt et al., 2002) and Wang (Wang et al., 2003) algorithms from the beginning
of 2003 to 15 May 2005. In conclusion, Amata et al. (2007) found that the EDDA and Wang
algorithms, based on an ANN network and on differential equations respectively, perform
better than the ANN Lund algorithm for ”large” and for ”severe” storms. On a statistical
basis, it appears that the Wang algorithm performs better for small positive Dst values, while
the EDDA and Wang perform in a similar way for ”moderate”, ”large” and ”severe” storms.
As regards small Dst’s, the Wang algorithm might better reproduce the initial compression
than EDDA. This is not surprising as EDDA does not include among its input parameters the
plasma density nor the plasma speed and relies upon the IMF only.

As regards the relevance of the EDDA and Wang algorithms to operational space weather
services, it is to be remarked that, as discussed by Pallocchia et al. (2006), the two algorithms
are not equivalent, as EDDA uses the IMF only, while Wang uses also plasma data and an
initial Dst value. Pallocchia et al. (2006) also comment on the ability of EDDA to predict
the Dst index on the basis of the IMF only by referring to the Akasofu ε parameter, which
is defined as ε = V B2sin4(θ/2)l20, where B is the IMF magnitude, V is the solar wind
speed, θ is the IMF clock angle and l0 ' 7 Earth radii. We notice that ε contains the square
of the magnetic field intensity, i.e. the second EDDA input, and the θ clock angle, which is
calculated from Bz , i.e. the first EDDA input, and By , the square of which is the third EDDA
input. To comment on the fact that the ε parameter contains V , we notice that this dependence
is linear, whereas that on B is quadratic.

The second approach presents a forecasting tool of significative variations of Dst (Saiz et
al., 2007) concluded that large variations of the Dst index are related to significant changes in
Bz , instead of to southern Bz , duskward Ey or high pressure. To find a physical explanation
to this result, is necesary to consider that Dst index is related to the ring current around the
Earth. It is believed that this current is only related to the duskward electric field. In this case,
only one term of the Faraday law has been considered, neglecting variations of magnetic field
with time. We suggest that, changes of Bz with time in a time scale of the order of the time
of answer of the magnetosphere need to be considered in order to determine the ring current
and then, the Dst index. These results should be considered in upcoming models of solar
wind-magnetosphere interaction.
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1 Introduction

The AE index is defined as AE = AU - AL, where AU and AL estimate the eastward and
westward auroral electrojets from a chain of magnetometers located at northern geomagnetic
latitudes between 60 and 70 degrees over all longitudes (Davies & Sugiura, 1966).

Tsurutani et al. (1990) found that the AE spectral index was -1 at low frequency, as for
the solar wind driver, and was -2.2 at time scales longer than 5 hours. In this respect, it is now
accepted that two main components of the auroral electrojet can be identified, each with its
own characteristic distribution and timescale, one directly driven by the solar wind and the
other due to the loading-unloading process in solar wind-magnetosphere coupling (Kamide
& Baumjohann (1993); Kamide & Kokubun (1996); Freeman et al. (2000); Consolini & De
Michelis (2005)). The auroral electrojet associated with the direct solar wind energy flows pri-
marily in the dusk and dawn sectors and increases as convection enhances. This enhancement
characterises the substorm growth phase, but lasts for the entire substorm, though with highly
varying strength. On the other hand, the unloading of energy stored in the tail during the
growth phase leads to the formation of an intensive westward electrojet during the successive
substorm expansion phase, localized in the midnight sector.

Different methods were used to separate the directly driven from the unloading compo-
nents of AE, ranging from differential techniques (Clauer & Kamide, 1985) to the method
of natural orthogonal components (Sun et al., 1998). More recently, (Freeman et al., 2000)
employed the threshold crossing method to highlight the unloading component and to show
that it was stronger in AL than AU. Then Uritsky et al. (2001) from a burst analysis method,
again based on threshold crossings, found that on short time scales AE is not well predicted.
Finally, Consolini & De Michelis (2005) separated the two components by the Local Inter-
mittency Measure method based on wavelet technique.

Other authors devoted their efforts to forecast the AE index from solar wind IMF and
plasma measurements. To this regard, a very important conclusion was reached by Bargatze
et al. (1985), who found that the response of the magnetosphere to solar wind forcing is
essentially non-linear. However, it is worth recalling that Kamide & Baumjohann (1993) noted
that ”if one . . . uses hourly or threehourly values of the solar wind parameters and the auroral
electrojet indices, the second component, i.e. the substorm expansion component, tends to be
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Fig. 1. The two AE components, solar wind driven (top panel) and intermittent (central panel) separated
by means of the LIM method for 30 October 1978; the bottom panel displays the solar wind V Bz

electric field (Consolini & De Michelis, 2005).

blotted out, making the correlation high. This may be the reason why significant portions of
the slowly varying component of high latitude magnetic variations are predictable by the linear
filter technique”. Many authors attempted to reproduce the AE index by various methods.
Price & Prichard (1993) used linear filtering; Vassiliadis et al. (1995) used the local linear
prediction technique to reproduce the bursty character of the AE evolution; Ukhorskiy et al.
(2004 and references therein) discussed the failure of the center-of-mass approximation to
the local-linear technique to produce a bursty representation of the AE data; Chen & Sharma
(2006), in a recent follow-on to the Ukhorskiy et al. work, corrected to some degree this aspect
of the center-of-mass approximation, while Klimas et al. (1998) applied an entirely different
technique to obtain a good representation of both the directly driven and the bursty loading-
unloading aspects of the electrojet index data. Finally, Artificial Neural Networks (ANN) were
used by several authors. For example, Takalo & Timonen (1997) used as inputs both solar
wind V Bs and previously observed AE values and obtained a reliable prediction of the next
AE value, but noticed that their algorithm ”cannot be used for realistic prediction purposes as
AE is not immediately available”. On the other hand, Gleisner & Lundstedt (2001) developed
an Elman network algorithm based only on solar wind data and comprising of three inputs, n
(solar wind density), V (solar wind speed), and Bz (z GSM component of the IMF).
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Fig. 2. a) AE05 (thin line) and F05 (thick line), AE60 (dotted line) and F60 (dashed line) plotted against
time from 00 UT on 07 September 1995 to 12 UT on 08 September 1995 (see text for details). b)
Normalised standard deviation for 5, 15, 20, 30 and 60 min ANN AE algorithms (see text for details).

2 An example of AE forecasting

Pallocchia et al. (2007) trained 5 ANN algorithms (with inputs GSM Bz and Vx), based on 5,
15, 20, 30 and 60 min averages of AE and solar wind data for 1995. Panel a of figure 2 displays
5 min AE averages and forecasts (AE05 and F05, thin and thick lines, respectively) and 60
min AE averages and forecasts (AE60, dotted line; F60, dashed line) for 36 hours starting
on 00 UT on 07 September 1995. AE60 plot displays 6 main enhancements (vertical arrows)
with smaller peak values (by a factor of 1.6 – 1.8, due to the averaging process) with respect to
the AE05 enhancements. We notice that the 60 min forecast AE, F60, resembles closely F05,
both in the timing of the enhancements and in the peak values, apart for some small variations
on scales < 60 min; moreover, F60 reproduces AE60 better than F05 reproduces AE05, as all
main enhancements are matched in time (exception made again for some time delays) and the
F60 peaks are smaller than the corresponding AE60 ones by a factor of 1.5 – 2.

Panel b of figure 2 shows that the total normalised standard deviation,R, between the fore-
cast and the Kyoto AE decreases with averaging time. Supposing that this decrease follows an
exponential law, we can fit the R points through the dotted curve. It appears that R(60min)
differs from the asymptotous (horizontal dashed line) by ' 3%.

These results can be interpreted in terms of the contribution of the two AE components:
the unloading component could be responsible for the smaller scale large peaks, which fail
to be reproduced by the AE ANN algorithms, while the directly driven component could be
responsible for the broader enhancements. However, the fact that the peaks of the broader
enhancements are not exactly reproduced suggests that the separation between the two com-
ponents is not complete at these time scales. A large level of uncertainty in the AE prediction
from solar wind data cannot be avoided, whatever time scale is chosen for the AE calculation.
A better AE forecasting should require an input capable of quantifying the internal magneto-
tail state, as indirectly done by Takalo & Timonen (1997) by adding to the inputs at a given
time the previous AE experimental value. In conclusion, it is possible to qualitatively forecast
AE enhancements on time scales of a few hours bearing in mind that an underestimate by a
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factor of 1.5–2 is very probable, while faster variations of AE, over time scales below 60 min,
cannot be reproduced.
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Summary. As Global Circulation Models of the terrestrial upper atmosphere have evolved in recent
years, they have been able to better simulate the observed physical effects of the penetration of space
weather effects into and through the thermosphere. Although much of the physics is understood and
can be demonstrated with the models not all the details can be predicted - or even reproduced - at even
medium resolution (50-100km). The effects seen are complex and result from spatially and temporally
variable inputs for which there is insufficient density of measurements. A major obstacle to obtaining
sufficient resolution is the fact that energy and momentum inputs are global and have a complex 3-D
structure linked back to the magnetosphere.

1 Introduction

The development of coupled atmosphere-thermosphere-ionosphere-plasmasphere models has
a long history which eventually led to those like CMAT (Coupled Mesosphere And Thermo-
sphere) and CMAT2, the latter representing the current state of the art in coupled atmospheric
modelling. CMAT2 is written in Fortran 90/95 and modularizes the code into small logi-
cal parts which can be swapped around allowing different combinations of sub-systems. If,
for example, only a simple, non-coupled ionosphere is required then the model can be run
with a parameterized ionosphere like the Chiu ionosphere (Chiu, 1975) or the PIM (Param-
eterised Ionosphere Model). If a coupled ionosphere-neutral atmosphere is needed then the
self-consistent GIP (Global Ionosphere Plasmasphere) model is used. GIP is a combination
of the high-latitude ions, plasmasphere and molecular ions routines from the CTIP (Cou-
pled Thermosphere, Ionosphere, Plasmasphere) and CMAT models. CMAT2 takes the lower
boundary down to 15km altitude. It allows for a variety of lower boundary conditions – MSIS,
NCEP and fixed – and can be used with three different gravity wave parameterizations. It has
variable resolution grid-spacing. It can be compiled and run with virtually any useful latitude-
longitude and height spacing, so that one can trade off resolution against system usage. The
magnetic field configuration used in GIP is an “Apex” system, that is one that traces the field
lines from equatorial apex to ground, rather than approximating them analytically .
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2 Simple state structure of the thermosphere

The global circulation models developed so far are built around a ”core” thermosphere. Be-
cause of its viscosity the thermosphere has a fairly uniform large scale structure, so it is easy to
model its basic cyclical behaviour, and all the models do this well. Fig. 1, for example, shows
the wind and temperature structure for equinox and the solstices under magnetically quiet
conditions. Because of the time constants involved the temperature peaks in the afternoon.
The equinox temperature pattern is more or less symmetric, and the two solstices are more
or less mirror images with the temperature maximum now shifted to the summer hemisphere.
The winds blow more or less from the temperature maximum to the minimum. The ”more or
less” is to recognize that there are small distortions to the temperature and wind patterns due
to the effects of auroral heating which is not symmetric due to the offset tilted dipole of the
Earth’s magnetic field. Not shown here, but part of the overall seasonal behaviour, the model
successfully reproduces many of the seasonal effects due to the change of the O:N2 ratio such
as the winter anomaly in electron density (Yonezawa, 1959), and the fact there is an annual
variation of thermospheric temperature at mid-latitudes but a semi-annual variation at equa-
torial latitudes. These examples show the models’ ”steady-state” behaviour – that is the result
of it being run through the same conditions again and again until it settles into an unchanging
state.

Fig. 1. Thermospheric seasonal behaviour under quiet geomagnetic conditions. Colour coded tempera-
ture and overplotted neutral velocities (arrows) for equinox (left) and solstices (right)
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3 Dynamic situations

The models can also be run dynamically in that the drivers – such as the auroral convection
pattern and precipitation – can be continually changed as the model runs. This is closer to the
”real” Earth, but the physics is less easy to follow. The models exhibit wave behaviour, as the
thermosphere does if the energy inputs are ”pulsed” (Millward et al., 1993).

The fact the Earth has a magnetic field means the electrodynamics must be treated glob-
ally. It produces, for example, some interesting behaviour at the equator. CTIP illustrates the
linkage between the ionospheric E- and F-regions via the geomagnetic field in showing that
auroral disturbances have an effect at the equator faster than it takes for a wind disturbance
to travel from auroral to equatorial zones, simply because low altitude mid-latitude field lines
cross the equator at F-region altitudes and so wind effects on the plasma in the E-region at
mid-latitude is transmitted to the equatorial region by electrodynamic coupling.

Fig. 2. The effect of different gravity wave parameterisations on the Global Mean Eddy diffusion co-
efficient altitude profile. On the left CMAT2 has been run with a hybrid Lindzen Matsuno scheme, on
the right with a Doppler Spread parameterisation. Dashed line is January solstice, full line is April.
F10.7=80 and Ap=6 were used as activity parameters

The most important tides seen in the terrestrial atmosphere are thermal tides. These are
heat and pressure oscillations generated by solar illumination – infra-red and visible wave-
lengths at the ground, UV radiation in the stratospheric ozone layer and EUV in the thermo-
sphere. As the sun rises and sets in the course of a day, a basic diurnal driver is established.
In the lower atmosphere and thermosphere the response, too, is primarily diurnal, though
non-sinusoidal components in the heating profiles and asymmetries in the terrestrial response
function mean that other harmonics can be strong: in the ozone layer the response seems to be
mainly a semi-diurnal oscillation. The tides are important to the coupling between upper and
lower atmosphere, as they provide a mixing influence and can couple non-linearly with other
effects such as the chemistry or gravity waves.
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Atmospheric gravity waves (AGWs) are implemented in GCMs as parameterisations since
individual AGWs are too small to be resolved by the global model grids. The AGWs are small-
scale oscillations in the lower atmosphere (fed by any turbulence such as weather fronts, lee
waves from mountains etc.) which grow as they propagate vertically until they break when
their amplitudes have become unsustainable. The effect of this breaking is to deposit momen-
tum - and the combined result of this in the mesosphere is to reverse the meridional flow and
the north-south temperature gradient. This is again an obvious source of vertical coupling in
the atmosphere, and a complex one that it is not easy to measure or treat theoretically. For
CMAT2 there are several alternative parameterisations, and Fig. 2 shows the effect on the
eddy diffusion coefficient of the choice of parameterisation.

4 Model applicability in ”Space Weather” studies

To study how Space Weather effects propagate from space to ground at the Earth one can
either take the CMAT approach and extend a thermospheric model – already ”space-coupled”
– downwards, or extend a meteorological model upwards. The advantage of the former is that
thermosphere-ionosphere GCMs already include a number of effects which are not present in
meteorological models and are more than just a matter of extending the dynamics. CMAT2,
for example, has atomic oxygen and Nitric Oxide chemistry and transport from the upper at-
mosphere built in, and so the source functions for these and other chemical species would not
need to be parameterised. Thermosphere ionosphere GCMs also have coupled auroral zones
which supply a momentum input and a particle input, and hence via this a chemical variability
to the middle – and potentially lower – atmosphere. That these effects propagate down at all
is controversial, but there is strong statistical evidence that some effects get through, if only
by intermediary action.
The features in the upper atmosphere GCMs useful for studying Space Weather effects are:
- energetic and particle coupling from the magnetosphere to the lower atmosphere,
- solar radiation variation at the resolution of Solar2000 - and varying with time,
- wave coupling to the troposphere parameterised or using empirical models,
- detailed chemistry at all levels, with dynamical coupling between layers,
- increased spatial resolution to look at small-scale structures,
- increased time resolution to look at impulsive events.

The most obvious space weather input is at the auroral zone. This comprises both an en-
ergy effect (particle precipitation and heating) and a momentum effect (plasma convection).
Both effects have a spatially and temporally complex dynamic behaviour which is the result
of the complex and highly variable nature of the interaction between the solar wind and the
magnetosphere. The basic physics of most of the components of this interaction are known.
We can simulate the auroral input as a plasma flow pattern (momentum) and a particle precipi-
tation pattern (energy). Given these, we can show, individually, how most known effects come
about. In Fig. 3 we show a time vs latitude plot of the modelled response of the atmosphere
equatorward of the geomagnetic storm of April 9-12 1997, and we see three basic responses
to the aurorae – positive and negative storm effects and in-situ precipitation. All these effects
seen in the modelling were present in TEC measurements and radar data, but at slightly differ-
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ent times, intensities or positions. It is understandable that we do not have a perfect match. In
thermosphere-ionosphere studies we do not have an input of spatial and temporal resolution
as high as is common in meteorology. Our input convection and precipitation models are the
result of accumulating lots of satellite data and hence are only accurate on average and not for
a specific period.

Fig. 3. Simulation of TEC for the April 9-12th 1997 storm period. The run shows three distinct types
of response to the auroral activity. In the leftmost ring we see the so-called ”dusk effect” where neutral
winds cause an increase of ionization. The middle ring shows direct precipitation, while the right ring
shows a depletion caused by electrodynamical lowering of the ionization due to electric fields. All these
effects were observed but with slightly different magnitudes and morphology.

Some progress is possible in improving the resolution of the simulations in limited areas:
it is possible to use current GPS TEC networks to get fairly dense electron density maps. Iono-
spheric (non-coupled) models can, therefore, do a good job with the right application of data
assimilation techniques, of fitting to and ”near-casting” ionospheric conditions. However, the
ionosphere depends on the neutral atmosphere, and a change of neutral composition would
soon feed through into electron density changes, so that a lack of measurements of the neutral
atmosphere would soon render the simulation invalid. With little chance that thermospheric
wind, temperature and composition data is ever going to be taken at the same resolution as
the TEC, it is difficult to see how predictions could be improved. However, better convection
maps for the high-latitude atmosphere are becoming available, thanks chiefly to the SUPER-
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Fig. 4. SUPERDARN high-latitude convection pattern. This is generated by a model which is con-
strained by any actual data taken by the radars (taken from http://superdarn.jhuapl.edu/ ).

DARN radars. The complexity of the true pattern, as opposed to the older averaged models,
becomes apparent in Fig. 4 where we see the global fit of convection velocities to the northern
hemisphere SUPERDARN radars. Using this as an input to models like CTIP gives a signifi-
cantly different neutral winds and Joule heating pattern to the ”traditional” (highly averaged)
convection models. What is now needed is a precipitation model that (a) fits onto the complex
SUPERDARN convection pattern and (b) is of a similar spatial resolution. The OVATIONS
model (Newell et al., 2002) is a step towards this goal, and we might expect nowcasting to
get better with this. But there are many other parameters – e.g. the initial state of the atmo-
sphere, the small-scale structure of the dynamics etc. – which will still limit the accuracy
of our forecasting. There have been recent advances, though, in areas where the effects are
more averaged globally - i.e. where the effects are smoothed out in a way equivalent to the
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smoothing seen in the empirical input models. Thus Fig. 5 shows the penetration of NO to
low latitudes following substorm activity.

Fig. 5. Nitric Oxide response at four different longitudes during a simulated 6-day storm period. The
contours show Nitric Oxide densities (see Dobbin et al 2006 for details of scaling).

5 Latest developments with CMAT2

In creating CMAT2 from CMAT, on-the-fly graphics and simple web access to the model was
built in as it runs. This improves significantly the chance to detect at an early stage problems
and errors made in the early phases of model runs. We have not yet reached the level where
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a run can be modified on the fly, but this is an obvious next step. Some progress is being
made in the area of data assimilation from data sets such as the GPS TEC data and from other
instruments that can give information to constrain the simulations. These techniques have
been perfected in (tropopause) meteorology, and this expertise can be used higher up.

However, progress in atmospheric science is not merely a question of higher observational
resolution – new phenomena were also discovered. For instance, in 1989 ”upward going light-
ning” above a large thundercloud region was photographed and christened ”sprites” (Franz
et al., 1990). This discovery started a whole new area of atmospheric science. The discovery
of the sprites was followed by a host of other new discoveries such as ”elves”, ”blue jets”
and Gamma ray bursts above thunderstorms. All these phenomena show that the lower atmo-
sphere is coupled to the ionosphere in ways we had not previously suspected. This brought
the global electric circuit into the focus of the discussion and the question of how it might
be implemented into GCMs. It is difficult to see how immediate progress can be made given
the resolution and dynamic range of current GCMs, but this seems to be an area where future
work will concentrate.

6 Conclusions

Models of the Earth’s upper atmosphere have become increasingly complex and more tightly
coupled to the regions above and below. There is a move to more flexibility in the resolution
and increasing modularity which allows code-sharing between models. The lower boundary
can be as low as the ground, with a choice of boundary models. Such models are already
useful for a range of studies on the coupling between atmospheric layers, and are being used
increasingly to couple to other models in the Sun-Earth chain. Developments continue, but
some elements are still unclear, in particular, how to extend the representation of electric
fields to include the global electric circuit.
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1 Introduction

The large-scale morphology of ionospheric convection in the auroral and polar regions has
been studied for many years using low-altitude spacecraft (Heppner & Maynard (1987);
Weimer (1995)), ground magnetometers (Kamide et al. (1994); Papitashvili et al. (1994)) and,
more recently, SuperDARN convection measurements (Ruohoniemi & Greenwald (2005) and
references therein). The SuperDARN data allow to evaluate, both in near real time and for his-
torical data, two space weather products: the high latitude ionospheric convection patterns and
the associated cross polar cap electric potential (CPCP). In this paper we discuss how CPCP
and convection patterns are calculated and how they depend in general on the IMF orienta-
tion. Further on, we briefly describe some recent observations made during different periods
of northern IMF which provided evidence, for the first time, of dual lobe reconnection.

2 High latitude convection patterns and CPCP

The SuperDARN network comprises of 12 HF radars in the Northern Hemisphere (NH) and
7 radars in the Southern Hemisphere (SH), each consisting of a primary array of 16 antennae
and an interferometer array of 4 antennae. Each radar is electronically steered into one of
sixteen different beam directions covering a fan of 52◦. The radars transmit a short sequence
of pulses, referred to as a multi-pulse sequence, and sample the returning echoes. The Auto-
Correlation Function of the echoes allows to calculate the back-scattered power, spectral width
and Doppler velocity of the plasma density irregularities in the ionosphere. In the standard
operating mode, for each 3.25◦ beam 75 spatial ranges are resolved with a 45 km separation
(Greenwald et al.,1995; Chisham et al.,2007).

The reconstruction of convection patterns by using SuperDARN data is based on finding
a functional form for the distribution of electrostatic potential in the ionosphere that best fits
all the line-of-sight velocity measurements available at the time of interest. The convection
velocity v is related to φ through the relationships E = −δφ and v = ExB/B2. The algorithm
for the implementation of this method is fully described by Ruohoniemi & Baker (1998). The
first step is to map the line-of-sight velocity measurements onto a global grid of nearly equal
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area grid cells measuring 1◦ in geomagnetic latitude. In the next step of the analysis the
gridded velocity data are fitted to an expansion of φ in terms of spherical harmonic functions

φ =
L∑

l=0

Min(L,M)∑
m=0

(A(l,m)cos(mφ) +B(l,m)sin(mφ))Pm
l cos(mφ). (1)

where the Pm
l are the associated Legendre functions. L and M, which express the order and

degree of the expansion, respectively, determine the resolution available in the fitting. The co-
efficients of the expansion A(l,m) and B(l,m) express the physical content of the solution and
are found by performing a singular-value decomposition. The global fitting is implemented
with a package of software known as “Map Potential”, which is also used as a name for the
technique.

Fig. 1. SuperDARN NH convection patterns for southward (left panel) and northward (right panel) IMF.

An example of such a reconstruction for the NH is shown in Figure 1, where the contours
of constant electrostatic potential (solid and dashed black lines) also represent flow stream-
lines. The left panel is characterised by a relatively weak convection characterized by a cross
polar cap potential (CPCP) ' 15 kV. This occurred at the end of a long period of northward
IMF. The convection pattern shows reverse (sunward) convection in the high latitude day-
side ionosphere and evidence of viscous convection cells on the flanks. Near 12.56 UT an
abrupt southward turning of the IMF reached the magnetopause. A two-cell convection pat-
tern, typical of southward IMF conditions, is established very quickly ('mins) over the entire
high-latitude region. The convection then rapidly intensifes, with CPCP reaching values near
to 60 kV within ' 10 mins, as shown in the right hand panel. By combining the data from
all northern hemisphere SuperDARN radars, Figure 1 effectively images the global convec-
tion electric field, obtaining a result that is analogous to space-based images of the global
distribution of auroral luminosity. The line-of-sight velocity dataset used as input for the con-
vection maps is often spatially extensive but not truly global. To ensure that the solution is
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realistic over areas of sparse radar coverage, the velocity data are supplemented with data
from the statistical model by Ruohoniemi & Greenwald (1996), who combined many years
of SuperDARN line-of-sight velocity data to produce global ionospheric maps of electrostatic
potential sorted by IMF strength and direction. The selection of model data is keyed to the
IMF conditions presumed to prevail at the magnetopause at the time of interest using suitably
time-lagged data from spacecraft situated in the solar wind. The model data are weighted in
the fitting so as to just stabilize the solution while minimizing the impact of the statistical
model. Improvements in the statistical model aspect of the convection mapping technique are
continually under development and the continued expansion of the SuperDARN network re-
duces the reliance of the maps on the model data. It is also useful to downweight line-of-sight
velocity data outside the equatorward boundary of the convection zone that derives from the
work of Heppner & Maynard (1987). In Figure 1 the Heppner-Maynard boundary is depicted
as a dashed cyan line. The latitude of this boundary in the midnight meridian characterizes
the size of the convection zone. The coverage provided by the radars is sometimes sufficient
to effectively determine the entire global convection pattern, i.e., the solution becomes in-
dependent of the selection of statistical model data. For each convection pattern the CPCP
is evaluated providing a measure of the coupling of the solar wind electric field to the high
latitude ionosphere. CPCP values corresponding to high solar wind electric fields must be
considered with caution as there is evidence that, for very large values of CPCP (above ' 70
kV), they may saturate (Shepherd et al., 2002).

Global convection maps can be generated at the 1- or 2-min resolution of the radar scans,
which is suitable for observing the response of ionospheric convection to changes in the solar
wind and the IMF. Using internet links to many of the radars, a near real-time mapping of the
ionospheric convection pattern is now possible for the NH and is displayed at the SuperDARN
JHU/APL web site (http://superdarn.jhuapl.edu/). With the planned extension of the internet
links to all of the SH SuperDARN network, global convection mapping in both hemispheres is
likely to become a routine SuperDARN data product. To this regard, limitations to the ability
of the system to produce reliable convection maps exist due to a gap in the azimuthal coverage
of the NH high latitude ionosphere over Siberia and to two similar gaps in the SH coverage.
However, in 2008 the SH gaps should be filled by the installation of two radars at Dome C
and the NH gaps by the installation of 4 radars at three different locations in Siberia.

3 Ionospheric convection as a function of IMF

It is now well accepted that the high latitude ionospheric convection results mainly from the
transfer of magnetic flux from the day side to the night side due to reconnection at the mag-
netopause and from the transfer of flux from the night side to the day side at lower latitudes
as the result of reconnection in the magnetotail central plasma.

For a purely southward IMF, reconnection takes place at the low latitude dayside mag-
netopause, so that newly opened flux is transferred to the night side and two convection
cells are set up in both hemispheres with anti-sunward flow in the polar cap. The relative
dimensions and orientations of the two cells depends upon the relative importance of the
IMF Bz and By components or, more precisely, on the magnetic clock angle defined as
θ = arctang(By/Bz). For θ = 180◦ two symmetric cells are observed (see the righ panel
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of Figure 1), while for θ = 90◦ the dusk and dawn cells dominate in the Northern and in
the Southern Hemisphere respectively and the opposite situation occurs when θ = −90◦. For
strongly northward IMF (i.e. for θ ' 0◦) , reconnection is thought to occur tailward of the
cusps (lobe reconnection) thus generating two reverse cells with sunward flow over the polar
cap (see the left panel of Figure 1).

There has been disagreement for a long time over the detailed patterns of ionospheric
convection resulting from strongly southward IMF. Early studies (Burke et al. (1979); Reiff
& Burch (1985)) suggested the existence of four convection cells during northward IMF con-
ditions: two “reverse” cells at high latitudes driven by lobe reconnection antisunward of the
cusp regions, and two “normal” cells at lower latitudes driven by viscous processes at the
magnetopause. On the contrary, Heppner & Maynard (1987) suggested that only two highly-
distorted cells would develop, while Rich & Hairstone (1994) performed a statistical study and
found four-cell convection to occur very rarely. Conversely, the statistical study of ionospheric
convection by Ruohoniemi & Greenwald (1996) using SuperDARN data showed that, at least
statistically, a four-cell structure existed for strong northward IMF. Their statistical convection
pattern clearly showed two reverse convection cells poleward of 80◦ magnetic latitude near
the noon meridian, which were almost completely contained within the dayside ionosphere.
The work of Ruohoniemi & Greenwald (1996), further detailed by Ruohoniemi & Greenwald
(2005), provides a complete picture of the statistical dependence of high-latitude convection
on the IMF. Significant features in their statistical maps include the transition of the dawn and
dusk convection cells into more rounded or crescent shapes depending on the sign of IMF
By, the intensifcation of the two-cell pattern with increasing magnitude of southward IMF,
and the emergence of sunward convection in the dayside ionosphere for increasingly positive
IMF Bz. Although the statistical maps derived by Ruohoniemi & Greenwald (2005) cannot
account for the full range of possible convection configurations they do define a zero-order so-
lution of the global convection. For most IMF conditions the patterns are very similar to those
derived from satellite-based statistical studies (e.g. Weimer (1995)). These statistical convec-
tion maps have also been used in comparison with statistical maps of particle precipitation
(Newell et al., 2004), helping to place both sets of observations into context.

4 Recent results on lobe reconnection

Huang et al. (2000) provided the first evidence of the two reverse convection cells in a 30-
min averaged SuperDARN vector velocity map of the dayside northern ionosphere during
steady northward IMF conditions. This study further showed that the four cell convection
configuration was stable as long as the IMF conditions remained stable and that the reverse
convection cells were typically of size' 1000 km with a potential drop of' 5 kV in each cell.
Such cells are typically totally contained in the polar cap and their convection stirs the open
field lines within the polar cap itself. If the northward IMF condition persists, the Open Closed
field line Boundary (OCB) may move poleward as magnetic flux is convected back to the day
side due to reconnection in the plasma sheet. At the same time the lobe merging gap is located
poleward with respect to the OCB. Moreover, the OCB may be forced to move poleward very
quickly in both hemispheres. This is the case of the so called dual lobe reconnection, i.e. the
simultaneous reconnection of an IMF field line at two locations on the magnetopause, tailward
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of both the northern and the southern cusp. Figure 2 (from Imber et al., 2006) provides an
illustration of what schematically happens when the IMF is southward (left panel), northward
but with single lobe reconnection (central panel) and northward with dual lobe reconnection
(right panel). As the figure shows (top right hand panel), the dual lobe reconnection yields
the formation of a newly closed field line in the day side, while the magnetosheath solar wind
sweeps away two disconnected field lines tailward of the cusps; at the same time, the reverse
cells are no longer confined within the polar cap and the merging gap lies along the OCB
(bottom right hand panel).

Fig. 2. Schematic representations of the magnetosphere in the GSM X-Z plane and ionospheric con-
vection patterns during single, low latitude and dual lobe reconnection. The solid circle is the OCB,
encircling the polar cap. The dashed portion of the OCB is the merging gap, the arrowed lines are flow
streamlines and the large arrows indicate expansion or contraction of the polar cap. Local noon is di-
rected towards the top of the figure.

Three papers appeared recently on dual lobe reconnection as observed by SuperDARN
with the complement of various spacecraft observations.Imber et al. (2006) first presented
substantial evidence for the occurrence of dual lobe reconnection during a period of strongly
northward IMF, when they identified two bursts of sunward plasma flow across the noon por-
tion of the open/closed field line boundary (OCB), indicating magnetic flux closure at the
dayside. They also estimated that, in order for dual reconnection to occur, the interplanetary
magnetic field clock angle must be within 10◦ of zero (North) and that the total flux crossing
the OCB during each burst was small (1.8 and 0.6 per cent of the flux contained within the
polar cap for the two flows). Moreover, they observed a brightening of the noon portion of the
northern auroral oval, thought to be due to enhanced precipitating particle fluxes due to the
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occurrence of reconnection at two locations along the field line. Finally, they estimated that
2.51030 solar wind protons (4 tonnes by mass) were captured by the flux closure process, suf-
ficient to populate the cold, dense plasma sheet observed following the dual lobe reconnection
interval.

The second paper on dual reconnection was by Imber et al. (2007), who performed a new
case study using SuperDARN measurements of the ionospheric convection flow and observa-
tions of the aurora by the IMAGE spacecraft. In this case they used the noon-midnight and
dawndusk keograms of the aurora to show that the polar cap shrinked during the interval and
calculated, using the SuperDARN potential maps, that the amount of flux closed during the
interval was 0.13GWb, i.e. approximately 10 per cent of the pre-existing polar cap.

Fig. 3. The sketch refers to the case studied by Marcucci et al. (2007) and shows the OCB before the
occurrence of dual lobe reconnection (heavy line), the new position of the OCB when dual reconnection
has been going on for some time (dot-dashed line) and the projection of the northern lobe reconnection
line (dashed line). The SuperDARN flow vectors for a 2 min interval are overplotted on the drawing.

Finally, Marcucci et al. (2007) presented a detailed study of SuperDARN data and IM-
AGE FUV observations of the aurora in the NH for a period when the IMF was predominately
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northward with the By component changing from positive to slightly negative. Cluster plasma
and magnetic field observations, during the same period, show that lobe reconnection is con-
tinuously going on in the Southern Hemisphere at dusk. Moreover, Cluster observations show
evidence that dual lobe reconnection is occurring at particular time intervals. SuperDARN
convection maps throughout the period of study show that that lobe reconnection is occurring
at the Northern Hemisphere despite the fact that the dipole tilt is unfavorable and Bx is pos-
itive. DMSP, IMAGE S13 and SuperDARN observations show that, during the 2 hours, four
poleward movements of the OCB are associated with enhanced sunward/westward velocity
flows crossing the OCB itself. Marcucci et al. (2007) interpret this as the result of lobe flux
re-closure occurring sporadically in the dusk sector, with at least one poleward movement
of the OCB coinciding with Cluster in situ observations of dual lobe reconnection. Figure 3
shows a sketch drawn by from Marcucci et al. (2007) for their case study. The sketch shows
the OCB before the occurrence of dual lobe reconnection (heavy line), the new position of
the OCB when dual reconnection has been going on for some time (dot-dashed line) and the
projection of the northern lobe reconnection line (dashed line). The SuperDARN flow vectors
for a 2 min interval are overplotted on the drawing clearly showing the flow across the OCB.
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Summary. We summarise recent studies of high-latitude magnetic variations from the viewpoint of ge-
omagnetically induced currents. A comprehensive analysis of geomagnetic data from northern Europe
using spatiotemporal structure functions has revealed several new features:
(1) There is a significant change in the dynamics of the field fluctuations in the range 80-100 s where
the time derivative of the magnetic field (dB/dt) undergoes a transition from correlated to uncorrelated
temporal behaviour.
(2) The spatiotemporal behaviour of dB/dt above temporal scales of 100 s resembles that of uncorre-
lated white noise.
(3) The spatial symmetry of the field fluctuations increases during substorms, indicating the presence of
spatially less ordered ionospheric currents.
(4) The spatial scaling properties of the field fluctuations may explain why the magnetotelluric sounding
method works better than expected in auroral regions.

1 Background

Estimation of geomagnetically induced currents (GIC) in power systems and pipelines re-
quires a model of ionospheric currents. The simplest example is an infinitely wide uniform
sheet current creating a plane wave. Although this is clearly not the real physical situation at
high latitudes, an appropriate modification allowing for spatial field variations yields satisfac-
tory results in practical GIC calculations (Viljanen et al., 2004). However, accurate forecasting
of GIC is still an unobtainable goal, whose fundamental difficulty has been realized only dur-
ing the latest years.

The main features of ionospheric current systems and the related magnetic variations (B)
are relatively well-known (Kamide & Baumjohann, 1993). However, the key quantity in GIC
studies is the time derivative of the magnetic field (dB/dt), or more specifically, the derivative
of the horizontal field vector (dH/dt). Viljanen (1997) and Viljanen et al. (2001) showed that
large dH/dt (exceeding 1 nT/s) primarily occur during events governed by westward iono-
spheric currents. However, the directional distributions of dH/dt are much more scattered
than those of the simultaneous horizontal variation field vector H (Fig. 1). A pronounced dif-
ference between H and dH/dt takes place at about 02-06 MLT in the auroral region when
dH/dt prefers an east-west orientation, whereas H points to the south. In the auroral region,



336 Pulkkinen and Viljanen

the occurrence of large dH/dt has two daily maxima, one around the local magnetic midnight,
and another in the morning. There is a single maximum around the midnight at subauroral lat-
itudes. This implies the importance of substorms as a major cause of GIC (Viljanen et al.,
2006). The scattering of dH/dt distributions is smaller during the descending phase of the
sunspot cycle. Seasonal variations are also seen, especially in winter when dH/dt is more
concentrated to the north-south direction than at other times.
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KIL: directional distribution of H (dH/dt > 1.0 nT/s)
sampling interval 60 s

directional distribution of dH/dt

Fig. 1. Directional distribution of H (upper row) and dH/dt (lower row) at Kilpisjärvi (geomagnetic
latitude 66 deg) from 1994 to 2006, as calculated from one minute values. Only timesteps fulfilling the
condition |dH/dt| > 1 nT/s are included. The distribution patterns are normalized separately for each
subplot. The total number of timesteps are given as title texts in the lower row. Geographic north is
upwards. Figure extended from Viljanen et al. (2001) with new data of 2001-2006.

2 Spatiotemporal scaling properties

The spatiotemporal scaling properties of the auroral region ground horizontal magnetic field
fluctuations have been investigated in terms of structure function analysis by Pulkkinen et al.
(2006a). The distorting effects of the continuation of the magnetic field from the ionosphere to
the ground level and the effects of the geomagnetic induction on the derived scalings were first
studied. It was found that the spatial fluctuations of the magnetic field and its time derivative
are distorted by the field continuation in the ranges of scales of the data, i.e., 100-2400 km
and 10-10000 s. Specifically, the extent of the distortion was found to depend on the original
ionospheric level scaling of the fluctuations. The effect of geomagnetic induction was found
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to be negligible in the ranges of scales of the data. The main findings of this study were
(1) There is a significant change in the dynamics of the field fluctuations in the range 80-100
s where the time derivative of the magnetic field undergoes a transition from correlated to
uncorrelated temporal behaviour.
(2) The spatiotemporal behaviour of the time derivative of the magnetic field above temporal
scales of 100 s resembles that of uncorrelated white noise.
(3) The spatial symmetry of the field fluctuations increases during substorms, indicating the
presence of spatially less ordered ionospheric equivalent currents.
(4) The spatial scaling properties of the field fluctuations may explain why the magnetotelluric
sounding method works better than expected in auroral regions.

These results manifest the importance of small-scale structures of ionospheric currents, as
illustrated schematically in Fig. 2. The distribution patterns of dH/dt cannot be explained by
any simple sheet-type model of east-west ionospheric currents, but rapidly changing north-
south currents and field-aligned currents must play an important role.

t1

t1t  -2

Fig. 2. Graphical illustration of typical auroral ionospheric current characteristics behind large GIC
(Pulkkinen, 2003). Top: intensified electrojet at time t = t1. Generally |Jy| � |Jx|, i.e. on the ground
|Bx| � |By|. Bottom: differential currents (t2 − t1) producing the surface geoelectric field. Generally
|dJy/dt| ≈ |dJx/dt|, i.e. on the ground |dBx/dt| ≈ |dBy/dt|.

The complexity of the auroral phenomena described above implies that stochastic pro-
cesses may play an important role in the spatiotemporal structure of the field fluctuations. Ac-
cordingly, the role of stochastic processes in the coupled magnetosphere-ionosphere system
was investigated by Pulkkinen et al. (2006b). It was found that the introduced stochastic model
was able to reproduce some central elements of the auroral ionospheric current fluctuations
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expressed in terms of the AE-index. Possible stochasticity of the spatiotemporal dynamics
of ionospheric currents sets certain limitations for the predictability of the phenomenon. The
limitations on the predictability of GIC are discussed more in-depth by Pulkkinen (2007).

The complexity of the auroral ionospheric current fluctuations is intimately coupled with
the multiscale property of auroral emissions (Uritsky et al. (2006), and references therein).
Although the identification of the processes in the solar wind-magnetosphere-ionosphere sys-
tem responsible for the complex multiscale behaviour of the auroral ionospheric phenomena
is a very challenging task, localized reconnection in the plasma sheet has been proposed as a
possible candidate (e.g., Pulkkinen et al. (2006b); Uritsky et al. (2006)). The collective effects
of localized reconnection events in the plasma sheet have been studied in detail by Klimas
et al. (2005) who found that their partially non-MHD model can reproduce some complex
observed characteristics of the ionosphere-magnetosphere system.
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Summary. The Earth’s lithosphere and mantle responds to Space Weather through time-varying, depth-
dependent induced magnetic and electric fields. Understanding the properties of these electromagnetic
fields is a key consideration in modelling the hazard to technological systems from Space Weather. In
this paper we review current understanding of these fields, in terms of regional and global scale geology
and geophysics. We highlight progress towards integrated European-scale models of geomagnetic and
geoelectric fields, specifically for the purposes of modelling geomagnetically induced currents in power
grids and pipelines.

1 Introduction

Geomagnetically Induced Currents (GIC) flow in grounded conducting networks, such as
power grids and pipelines, during geomagnetic storms. GIC are near-DC electrical currents
that are a consequence of the induced geoelectric field that follows from Faraday’s law of
electromagnetic (EM) induction. To fully understand the flow of GIC in networks we need
to first understand how the geoelectric field responds to a given geomagnetic disturbance.
This geophysical response depends on three main factors: the spatial structure and variation
periods of the primary geomagnetic field and the three-dimensional conductivity structure of
the Earth. Given a surface distribution of the geoelectric field, electrical network analysis can
then be used to determine the flow of GIC in conducting networks (e.g. Lehtinen and Pirjola,
1985; Pulkkinen et al., 2001).

In this review we will report on recent progress on the geophysical problem, particularly
in the understanding of the three-dimensional electrical conductivity structure of the Earth
from both global and regional EM surveys, and from technical (modelling) innovations. We
summarise major recent discoveries and provide, for the reader, references to the major papers.
We concentrate on papers published in the last ten years or so and therefore refer the reader to
the reviews of Schwarz, 1990, and Hjelt, 1988, for the status of the scientific literature prior
to this time.

The structure of the paper is as follows. In Section 2 we discuss recent global induction
studies that reveal current ‘best estimates’ of the electrical conductivity of the Earth’s mantle
and lithosphere. In Section 3 we highlight studies that provide resources relevant to deriving
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regional conductivity models, for example on the European continental scale. In Section 4 we
outline various techniques that are, or could be, employed to model the EM fields relevant to
GIC.

2 Global Induction

The Earth surface ‘footprint’ of Space Weather can be large: both continental-scale and global-
scale EM fields can be induced in the Earth, depending on the scale size and period of external
magnetic variations, these being subject to solar wind control. The global scale response oc-
curs primarily in the deep mantle. In this section we highlight recent global induction studies
that provide deep mantle conductivity models. These models typically have a simple radial
dependence and are used to underly various crustal/ upper mantle models required to model
EM fields at periods relevant to GIC.

Fig. 1. Left - Global map of surface conductance with the cutaway showing the Eurasian mantle con-
ductivity model of Semenov and Jozwiak (1999); after Vozár et al. (2006). Right - Mantle conductivity
profiles of various studies; see Kuvshinov and Olsen (2006) for full details and references.

2.1 Radial Conductivity Models

Magnetic satellite missions such as CHAMP (2001 to present), Ørsted (1999 to present),
and SAC-C (2002 to present) offer global uniform data coverage. These data sources have
been used to derive deep (to a depth of 1500 km) radial conductivity models (e.g. Kuvshinov
and Olsen, 2006). At depths greater than 400 km the models consistently show a monotonic
increase in conductivity from about 0.03-0.08 S/m to 1-2 S/m at 900 km depth; see Figure 1
for example.

2.2 Three Dimensional Conductivity Models

The importance of 3D analysis regarding the interpretation of satellite induction observations
in the longer period range of hours to days is now recognised (e.g. Everett et al., 2003). Global
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surface conductance (conductivity-thickness product) maps (S-Maps) (see Figure 1) are often
formulated using a combination of bathymetric data, and the global sediment thickness com-
pilation of Laske and Masters (1997); see Everett et al. (2003) for example. However, Vozár
et al. (2006), for example, are refining a global S-map using a combination of Magnetotel-
luric (MT) and Geomagnetic Deep Sounding (GDS) data. If successful, this will prove to be
a valuable resource.

Compilations such as the world geological map (http://ccgm.free.fr) and world magnetic
anomaly map (Purucker, 2007) provide insights into global (and regional) tectonics. The
planned ESA Swarm mission should provide information about electrical conductivity het-
erogeneities in the Earth’s mantle (Kuvshinov et al., 2006)

3 Regional Conductivity Models

The main sources of regional conductivity models stem from MT and GDS surveys; a com-
prehensive review of which is outwith the scope of this paper (but see Haak (1985) for an
earlier review, continent by continent). We restrict ourselves therefore to a summary of re-
gional conductivity studies of relevance to modelling GIC within Europe and North America.
However we note that studies reported in Schwarz (1990) provide valuable detail for regions
such as New Zealand, South Africa, Australia, and Japan.

Recent European investigations of the electrical conductivity of the lithosphere and as-
thenosphere have been reviewed comprehensively by Korja (2007). Fennoscandia is well-
covered in respect of recent MT and GDS studies following the completion of the Baltic
Electromagnetic Array (BEAR) project. Korja et al. (2002) compiled a map of the crustal
conductance for the Fennoscandian Shield and its surrounding ocean and seas, and continen-
tal areas using the BEAR array data, and numerous other studies. The crustal conductance
compilation of Korja et al. (2002) has been utilized by Engels et al. (2002) to model electric
and magnetic fields at the Earth’s surface.

The electrical conductivity structure of the UK landmass is complex and it is surrounded
by shallow shelf seas along with the deep ocean a few hundred kilometers to the west. These
factors are all known to influence the EM fields observed on land in a period range appropriate
to GIC (McKay and Whaler, 2006). Thus, the geological setting, and geomagnetic latitude,
of the UK has influenced the approach to modelling the EM fields. For example, Thomson
et al. (2005) used a quasi 3D thin-sheet model to calculate the geo-electric field at the peak
(as determined by the time of maximum GIC in the Scottish Power grid) of the October 2003
geomagnetic storm; see Figure 2. They noted the regional variation of the electric field and
strong electric field enhancements due to the coastal conductivity contrast.

The Pre-Cambrian Shield is a highly resistive feature of Canadian geology. MT soundings
have been made at many sites throughout Canada as part of the Lithoprobe project (e.g. Fer-
guson et al., 2005). Boteler (2001) used published MT soundings to determine regional con-
ductivity models applicable to determining GIC in the five largest power systems in Canada.
Fernberg et al. (2007) attributed anomalously large pipe to soil potentials to the lateral bound-
ary between the shield and the relatively conductive Paleozoic rocks on the shield’s eastern
margin.
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Fig. 2. Surface electric field throughout the UK
estimated at 21:20UT assuming a driving period of
360 s. The colour and arrows represent the E-field
amplitude [V/km] and azimuth respectively. The
inset shows the azimuth of the primary geomag-
netic field, and secondary electric field for a simple
1D model. After Thomson et al. (2005).

4 EM Field Modelling

The calculation of the geoelectric field at the Earth’s surface normally comprises two main
steps. First, specifying or determining the primary geomagnetic field responsible for induc-
tion. Second, calculation of the induced EM fields.

The characteristic feature of high geomagnetic latitudes is large and rapid temporal
change, and strong spatial inhomogeneity, in the rate of change of the primary geomagnetic
field (e.g. Pulkkinen and Viljanen, 2007). For example, Figure 3 illustrates the strong spatial
inhomogeneity of the horizontal magnetic field rate of change just prior (20:06:30UT) to the
power grid blackout experienced in Sweden at 20:07UT (Pulkkinen et al., 2005b) while the
ground magnetic field is relatively smooth at 20:07:00UT.
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Fig. 3. The time derivative of the horizontal ground magnetic field at 20:06:30UT (left), equivalent
ground currents formed by rotating the ground magnetic field at 20:07:00UT (middle) and the time
derivative of the horizontal ground magnetic field at 20:08:40UT (right). The sampling rate of the ge-
omagnetic field was 10s, and the measurements were interpolated onto a uniform grid using the SECS
method.
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The geomagnetic disturbance field is primarily of ionospheric origin. Geomagnetic distur-
bances are often represented using ionospheric equivalent currents. However, it is possible to
try to predict the geomagnetic field at the Earth’s surface directly from solar wind data (e.g.
Gleisner and Lundstedt, 2001a,b; Weigel et al., 2003).

Models of idealized geomagnetic disturbances (e.g. a westward traveling surge) have been
used to investigate the occurrence of GIC (e.g. Viljanen et al., 1999). The representation of
the geomagnetic field using Spherical Elementary Currents Systems (SECS), introduced and
validated by Amm (1997) and Pulkkinen et al. (2003a) respectively, means that recent studies
have considered particular geomagnetic storm events and used ground based magnetometer
data to derive equivalent ionospheric currents (e.g. Pulkkinen et al., 2003b) or interpolated
maps of the ground magnetic field; see Figure 3 for example. SECS can also be used with a
single magnetometer chain (Vanhamaki et al., 2003).

4.1 Determining the geoelectric field

The ‘plane-wave’ model (which forms the basis of the MT method) is commonly employed to
calculate the geoelectric field. The simplest realization of the plane-wave method is a primary
field that propagates vertically downward into an Earth of uniform or layered conductivity.
The appeal is its simplicity, and its remarkable success (e.g. Viljanen et al., 2004).

The Complex Image Method (CIM) is an approximate method for calculating the EM
fields at the Earth’s surface (e.g. Boteler and Pirjola, 1998). Pulkkinen et al. (2003a) com-
bined SECS and CIM; Viljanen et al. (2004) demonstrated the applicability to calculating the
geoelectric field. Therefore, it is now possible to calculate quickly, and accurately, the geo-
electric field using realistic representations of ionospheric current sources over a given region
despite using the plane-wave surface impedance.

McKay and Whaler (2006) have shown that it is possible to use MT and GDS response
functions to estimate directly the electric and magnetic fields throughout a region, rather than
relying solely on conductivity models. Their study was limited to a single central period,
however, where array (or the spatial coverage is good) MT and/or GDS data are available then
the method is applicable to GIC.

3D Earth conductivity models have been applied in GIC research, but they have yet to be
implemented in a practical sense; see for example Beamish et al. (2002) and Thomson et al.
(2005). Pulkkinen and Engels (2005) used the 3D volume code of Avdeev et al. (2002), and the
method of SECS to include both a non-uniform time-varying source field and 3D conductivity
variations to study the effect of induction in the Earth on estimates of ionospheric equivalent
currents. Significant induction effects were observed e.g. overestimation of up to 30% of the
main ionospheric current flow amplitude, which increases away from the main current flow.

Pulkkinen et al. (2007) show that it is possible to estimate the MT surface impedance
using GIC and geomagnetic observatory data. Therefore, Earth conductivity models which
optimally describe the link between magnetic variations and GIC are being developed.

5 Summary

Significant progress in both Earth conductivity and EM modelling has been made in the last
ten years, much of it relevant to the problem of the space weather impact on technological
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systems such as power networks and pipelines. In this short review we have summarised new
findings on the geophysics relevant to the ground effects of space weather, and provided a
reference list for more detailed reading. Future challenges with particular regard to GIC are
the fast calculation of the EM fields using 3D Earth models, and developing an understanding
of the level of model detail required. In conclusion we note that future planned satellite mag-
netometry missions, in particular the ESA mission SWARM, will likely provide even greater
insights into the geophysical properties of the Earth and its environs, with clear benefit to the
scientific and engineering communities interested in the ground effects of space weather.
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Summary. Geomagnetically induced currents (GIC) in ground-based technological conductor net-
works, e.g. power grids and pipelines, are a ground manifestation of Space Weather. GIC are a potential
source of problems to the systems, and so GIC constitute a research topic that is of scientific and prac-
tical importance. Theoretical calculation of GIC in a given network is convenient to perform in two
steps: determination of the geoelectric field and computation of GIC driven by this field. In this paper,
we outline the implementation of both steps, and provide some numerical examples about a fictitious
discretely-earthed network describing a power system. The effect of uncertainties in the earthing resis-
tances of the network is shown to be small. It is also seen that large enough additional resistances in the
earthings provide a possible means to decrease GIC risks.

1 Introduction

Geomagnetically induced currents (GIC) flowing in ground-based technological networks
such as electric power transmission grids, oil and gas pipelines, telecommunication cables
and railway systems, are the ground end of the Space Weather chain whose origin is solar ac-
tivity (e.g., Pirjola (2000)). Although the chain as a whole includes complicated plasmaphys-
ical and electromagnetic processes the basic physical principle of GIC is easy to understand
based on Faraday’s and Ohm’s laws: Rapidly-varying space currents produce temporal dis-
turbances (or storms) in the geomagnetic field accompanied by an induced (geo)electric field,
which drives currents in conductors. Besides technological networks, which experience GIC,
the Earth itself is also a conductor. Thus, currents induced in the ground also much affect the
geomagnetic disturbance field and the geoelectric field observed at the Earth’s surface (see,
e.g., Watermann (2007)).

GIC are a source of possible trouble to the systems. The first effects were already noted
in the telegraph equipment in the 1840s (e.g., Boteler et al. (1998) and references therein).
Today, power systems and pipelines constitute the most significant networks regarding GIC.
In the former, the dc-like GIC may saturate transformers leading to different problems, even
to a collapse of the whole network or to permanent damage of transformers (e.g. Molinski
(2002)). In buried oil and gas pipelines, GIC and the associated pipe-to-soil voltages may
enhance corrosion and disturb corrosion control (Gummow, 2002).
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Geomagnetic disturbances are the largest in auroral regions located at high latitudes. This
means that GIC are especially a problem in the same areas. However, during major geomag-
netic storms, the auroral oval can extend substantially towards lower latitudes. GIC magni-
tudes also depend on the grid topology, configuration and resistances and much vary from site
to site in a network. It should also be noted that the sensitivities of systems to GIC also depend
on many engineering details, so that a small GIC that does not disturb one grid at all may be
problematic to another. These facts mean that lower-latitude networks may be affected by GIC
as well. The increasing sizes of high-voltage power grids, the complex interconnections and
the extensive transport of energy make GIC issues more and more important at all latitudes
(Kappenman, 2004).

GIC have produced problems in Sweden several times (Boteler et al., 1998; Pulkkinen
et al., 2005). The high-latitude location, together with a high ground resistivity, provides an
explanation for GIC observations in Sweden. Finland, lying at the same latitudes and having a
similar geology, has practically never experienced GIC problems. However, extensive research
on GIC in the Finnish high-voltage power grid and in the Finnish natural gas pipeline has been
carried out for about thirty years (Pirjola et al., 2003), and it is still considered worth being
continued. The work, which is done as collaboration between the Finnish Meteorological
Institute (FMI) and the power and pipeline companies has included theoretical modelling,
recordings of GIC and derivation of statistics on expected GIC occurrence. Elovaara (2007)
provides an up-dated engineering summary of studies of GIC in the Finnish high-voltage
power system.

2 Theoretical Modelling

A calculation of GIC in a given ground-based system is convenient to perform in two steps: (i)
determination of the horizontal geoelectric field at the Earth’s surface (”geophysical step”),
(ii) computation of GIC produced by the geoelectric field (”engineering step”). The input
of the geophysical step consists of ground conductivity information and of ionospheric cur-
rent or ground-based magnetic data, and this step is independent of the technological system
considered. The engineering step utilises the geoelectric field and the network topology, con-
figuration and resistances for the determination of GIC at each site of the system considered.

Different techniques and software for both steps have been investigated and developed
(for a review, see, e.g., Pirjola (2002) and references therein). The determination of the geo-
electric field necessarily includes assumptions and idealisations. In particular, the vicinity of
the ionospheric auroral electrojet current system makes the situation complicated. The ”local
plane wave method” has been shown to be very appropriate in practical calculations for the
first step (Viljanen et al., 2004). It is important to note that, in general, the geoelectric field
is rotational, i.e. no single-valued geopotential exists, which means that geovoltages affecting
conductors are path-dependent (Pirjola, 2000). This also implies that theoretically GIC may
also flow in horizontal loops with no earthings.

The second step can in principle be performed exactly provided that all connections and
resistances of the system are (considered) known. In the case of a discretely-earthed network,
e.g. a power grid having earthings at transformer neutrals at (sub)stations, matrix formulas are
available (Lehtinen and Pirjola, 1985). For a buried pipeline, which is continuously earthed
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by leakage through the coating covering the pipe, the ”distributed-source transmission line
theory” (DSTL) has been shown to be useful (Pulkkinen et al., 2001).

The software developed, for example at FMI, for the two steps are readily available for
any network at any location. This naturally requires that detailed information about the grid
parameters is available (which has sometimes appeared to be a problem in practice). To get
an idea of the magnitude of the horizontal geoelectric component associated with the time
derivative of the perpendicular horizontal geomagnetic component, a simple integral formula
based on a uniform-Earth assumption is available that clearly shows that the electric field at a
given moment depends on past values of the derivative but with a weighting factor decreasing
with the time lag (e.g., Pirjola (2002)). For determining the sites in a network that probably
experience the largest GIC, an assumption that the affecting geoelectric field is uniform all
over the grid is advisable to be made first. It helps identify where special concern about GIC
impacts is needed and how GIC measurements should be located.

3 Examples

We now consider a fictitious discretely-earthed network as depicted in Fig. 1. The geometry
and the resistance values used resemble (but are not equal to) the Finnish 400 kV power grid.
The average earthing resistance and the average line resistance per length unit are 0.62Ω and
7.2 mΩ/km, respectively. Details of the modelling of a complicated three-phase power trans-
mission grid with transformers for GIC calculation purposes are described by Pirjola (2005a).

Fig. 1. Fictitious discretely-
earthed network. The
fourteen circles denote the
stations earthed to the ground
and connected to each other
by conductors (dotted lines).
The line segments associated
with the stations indicate
the directions of a uniform
horizontal geoelectric field
that give the largest absolute
values of GIC into (or from)
the ground at different
stations,and the length of the
line segment is proportional
to the largest GIC magnitude
at the particular station.

We assume that the network is impacted by a uniform horizontal geoelectric field of
1 V/km. This magnitude represents a typical situation during a geomagnetic storm, but it
should also be noted that GIC are proportional to the electric field, so GIC for other uniform
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electric field values can be obtained by a simple scaling. The line segments associated with
the stations indicate the directions of the geoelectric field that give the largest absolute values
of GIC into (or from) the ground at different stations, and the length of the line segment is
proportional to the largest GIC magnitude at the particular station. (Note that reversing the
direction of the geoelectric field only inverts the directions of GIC but the absolute values
remain unchanged.) Fig. 1 clearly shows the well-known ”corner effect” that the largest GIC
occur in the corners and ends of a network. Transformers at Stations 3, 5, 9 and 11 are not
probable candidates for suffering from GIC problems, and they are less interesting sites for
GIC recordings, too.

Table 1. Averages of the absolute values of GIC into (or from) the ground at the stations of the network
shown in Fig. 1 for a uniform eastward (”E”) and northward (”N”) electric field of 1 V/km for the various
cases considered in this study.

bs p10 m10 r20 nr

E 61.0 58.2 64.1 60.1 21.1
N 44.5 42.9 46.3 45.0 19.5

Although the second step of the calculation of GIC is in principle straightforward and ex-
act, an accurate description of connections and resistances met by GIC, e.g., in a high-voltage
power system is difficult in practice. One reason is that the grid parameters are usually only
known for the 50/60 Hz ac frequencies. In order to understand how much uncertainties may
affect calculated GIC data, tests of the sensitivity of GIC values to changes of the parameters
should be made. We have performed the following computations by using the network shown
in Fig. 1 and a uniform horizontal geoelectric field of 1 V/km to the east (”E”) and to the north

Fig. 2. Absolute values
of GIC into (or from)
the ground at individual
stations of the network
shown in Fig. 1 for an
eastward electric field
of 1 V/km. The lighter
left-hand column and
the darker right-hand
column refer to the
basic situation (”bs”)
and to the case in
which all earthing re-
sistances are increased
by 2.5 Ω (”nr”),
respectively.
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(”N”): basic situation (”bs”), all earthing resistances increased by 10% (”p10”), all earthing
resistances decreased by 10% (”m10”), all earthing resistances changed randomly between
-20% and +20% (”r20”), and all earthing resistances increased by 2.5 Ω (”nr”). The last case
corresponds to the installation of a neutral point reactor in the earthing lead of every trans-
former commonly used in the Finnish 400 kV system (Pirjola, 2005b), and it also provides
a hint about possibilities of using additional resistances as a means to decrease GIC. Table 1
gives the averages of the absolute values of GIC into (or from) the ground at the fourteen
stations in each case considered. Fig. 2 shows the absolute values of GIC at individual sta-
tions for an eastward electric field of 1 V/km in the cases ”bs” and ”nr”. Table 1 supports the
conclusion that variations of about 10–20% of the resistance values do not much change GIC
and are thus insignificant in connection with GIC risk estimates. As seen from both Table 1
and Fig. 2, a substantial increase of all earthing resistances clearly decreases GIC magnitudes
and may thus be regarded as a technique to mitigate possible GIC problems. It has to be em-
phasised that in this study the additional resistance was assumed to be installed at all stations.
Pirjola (2005b) demonstrates that an increase of the earthing resistance at some stations gen-
erally tends to increase GIC at other stations, then possibly even enhancing the overall GIC
risk.

4 Concluding Remarks

Geomagnetically induced currents (GIC) in electric power transmission grids, in oil and gas
pipelines, and in other technological conductor networks at the Earth’s surface result from
solar activity. GIC may seriously affect the systems. Consequently, research of GIC is, be-
sides scientifically, lso practically important. GIC are a particular high-latitude problem but
since GIC magnitudes and possible effects also depend on technical details of the systems
they cannot be ignored at lower latitudes either. Theoretical calculation techniques of GIC in
a network discussed in this paper can easily be applied to any grid provided that the config-
uration and resistances of the system are known. By numerical examples, we demonstrate in
this paper that small uncertainties in resistance values of a network do not seem to be critical
for GIC estimations. It is also indicated that large enough additional resistances to be met by
the GIC flow may provide a possible means to reduce GIC risks.
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Summary. Studies of geomagnetically induced currents (GIC) culminated during the European Space
Weather Applications Pilot Project in 2003-2006. Based on the previous experience, five operative GIC
servers were established in Finland, Sweden, UK and Canada. They provide real-time information of
geomagnetic activity and nowcast estimation of GIC in power systems (Canada, Sweden, UK) or in
pipelines (Canada, Finland).

1 Status of GIC modelling

The basic procedure to calculate geomagnetically induced currents (GIC) consists of two
steps:
1) Determine the horizontal geoelectric field at the earth’s surface.
2) Apply a DC model of the conductor system in which the electric field causes GIC.
The first step is independent of the technological conductor system, and requires assump-
tions of ionospheric currents and of the earth’s conductivity. In practice, use of the measured
magnetic field at the earth’s surface and a local layered-earth model yield satisfactory results
(Viljanen et al., 2004). More advanced earth modelling takes into account lateral variations of
the conductivity (Thomson & McKay, 2007). Analysis of ionospheric currents is discussed
by Pulkkinen & Viljanen (2007).

Applicability of a DC model of the conductor systems is based on the relatively slow
variations of the geomagnetic field. Two kind of conductor systems have been considered:
discretely grounded (power system) and continuously grounded (buried pipeline). A power
system GIC model was derived by Lehtinen & Pirjola (1985). The pipeline model based on the
distributed-source transmission line (DSTL) theory was first discussed by Boteler & Cook-
son (1986), and finally extended by Pulkkinen et al. (2001) for a general pipeline network.
Consequently, step 2 mentioned above has reached a mature status.
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2 European Space Weather Applications Pilot Project

During the European Space Weather Applications Pilot Project in 2003-2006, five service de-
velopment activities (SDA) dealt with GIC (http://www.esa-spaceweather.net/swenet/). Three
of them were prepared for European and two for Canadian companies. The methodology in
all SDA’s is based on the two-step procedure outlined above. We give here a brief description
of each service.

GIC Forecast

Contractor: Swedish Institute of Space Physics
Subcontractor: Finnish Meteorological Institute
Industrial partner: Elforsk AB
Server website: http://www.lund.irf.se/gicpilot/
Description: The service forecasts GIC in the southern part of the Swedish high-voltage power
grid. It also provides general information about ground effects of space weather to the general
public and educates the public and decision makers about GIC and how forecasts can help
mitigate the effects. Real-time forecasts of dB/dt at Uppsala and Brorfelde and of GIC at one
station are open to the public. Real-time forecasts for several stations are a restricted part of
the service.

GIC Now!

Contractor: Finnish Meteorological Institute
Industrial partner: Gasum Oy
Server website: http://aurora.fmi.fi/gic service/english/
Description: GIC Now! and the restricted part Gasum Now! services are is a sister product
of Auroras Now! (Viljanen et al., 2006) The purpose of GIC Now! is to provide general
information about ground effects of space weather. This is made both via popular texts about
impacts of space weather and via practical examples of the phenomena. The elementary parts
of the public service are a real-time view to the present GIC activity in terms of geomagnetic
activity indicators and quick-look images of the induced current recordings carried out in
the Finnish natural gas pipeline. The restricted part of the service, Gasum Now!, is a service
providing real-time estimates of the space weather impact on the Finnish pipeline (Fig. 1).

Pipeline Space Weather Service

Contractor: Natural Resources Canada
Industrial Partner: Correng, Corrosion Service International
Server website: http://www.spaceweather.gc.ca/apps/pipeline operations e.php
Description: The service uses geomagnetic field variations at the geomagnetic observatory
closest to the pipeline location. Geoelectric field variations are determined by converting the
magnetic field data to the electric field using a 1-D layered earth conductivity model. Pipe-
to-soil potential (PSP) difference variations for a sample pipeline are obtained by applying
the distributed source transmission line model (DSTL) for pre-defined pipeline topologies
with the geoelectric field as a driving source. Calculations of PSP variations for user-defined
pipeline topologies are also available.
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Fig. 1. Screen snapshot of the nowcasted GIC and pipe-to-soil voltage at Mäntsälä in the Finnish natural
gas pipeline in the beginning of the Halloween storm in October 2003.

Real-Time GIC Simulator

Contractor: Natural Resources Canada
Subcontractor: Finnish Meteorological Institute
Industrial partner: Hydro One
Server website: http://www.spaceweather.gc.ca/gic simulator e.php
Description: The GIC Simulator uses real-time geomagnetic data feeding into earth and power
system models to produce real-time displays of GIC flow throughout the power system. A
layered ground conductivity model is used to calculate the surface impedance of the earth. It
is applied with the incoming magnetic field data to calculate the electric fields at the earth’s
surface. The next stage of the process is to use the calculated electric field as input to a power
system model, which is automatically updated when power lines or equipment are taken in or
out of service. The model output are GIC values for all the high voltage lines and transformers
throughout the network. The GIC information is provided to the system operators in such a
way that all the relevant information is readily available without overloading the operators
with extra data.
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Solar Wind Monitoring and Induction Modeling for GIC

Contractor: British Geological Survey
Industrial partner: Scottish Power
Server website: http://www.geomag.bgs.ac.uk/gicpublic/
Description: This service is a webpage system that provides daily forecasts of geomagnetic
activity, advanced warning of geomagnetic storm onset, monitoring data during storms and
analysis of GIC in the Scottish part of the UK power grid. Real-time geomagnetic data are il-
lustrated in the form of UK observatory hourly standard deviations in the north and east com-
ponents. Daily magnetic activity forecast is given to three days ahead. A solar wind shock
monitor provides advanced warning of magnetic storm onset. The Scottish Power grid net-
work model is used to estimate GIC.
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1 Introduction

As stated in the Memorandum of Understanding of the action, the tasks of WG4 consisted of:

• Coordinate a network of European websites relevant to data, models, prediction and pub-
lic outreach;

• Develop methods and standards for data exchange to enable coupling of different space
weather models (e.g. using Spacegrid) and to disseminate relevant information to users;

• Liaise with COST Action 271 to let COST 271 benefit from space weather model devel-
opment and to incorporate COST 271 output where it will be of benefit to other space
weather services;

• Maintain databases of users and statistics about the service.

The main task of WG4 was defined as to implement the basis of the European Space Weather
Network. WG4 consisted of representatives of working groups 1-3, as well as experts on the



360 Authors Suppressed Due to Excessive Length

design of web based communication systems. WG4 was responsible for maintaining close
links with SEC in the USA, and active participation in the development of a European Space
Weather Service at ensuring the best balance between providing redundancy and complemen-
tarity of US and European space weather services. WG4 was also responsible for promoting
the science and benefits of Space Weather in COST member states that have not participated
in setting up this Action, liaising with Eumetsat and the Global Monitoring for Environment
and Security (GMES) initiative of ESA and the EU.
Many of these objectives were attained with much greater succes than expected, but a few
failed. They will be discussed thereafter.

2 Where did we succeed?

2.1 Service to users

On top of the space weather portal, we wanted to address the users services directly (require-
ments to the users will be addressed later). However, several of us were already working on
such aim through the ”Space Weather European NETwork” (SWENET) held by ESTEC. It
was not only useless to duplicate the efforts. It was also not ethically possible to do the same
work for two different entities. Fortunately, our relationships with ESTEC are excellent, so
that the SWENET people agreed to have their service provider web server directly accessible
through our portal. In counterpart, we kept supplying information to the SWENET people,
and the colleagues working for the 2 entities felt much more comfortable.

2.2 Models and tools for the study, forecast and prediction

One of the most important contributions of any space weather service is its ability to provide
forecasts and predictions of space weather conditions and/or effects on technological systems.
Indeed, as space weather is an application driven discipline, a key measure of its success and
usefulness is the existence or development of services that allow some form of mitigation for
the effects that make up the field of space weather. As the driver of space weather is the Sun,
prediction of the state of the Sun on various time scales would be the ultimate goal. However,
although substantial progress is being made, our current understanding of the processes oc-
curring on the Sun’s surface and corona is far from sufficient to be able to provide even basic
predictions of phenomena such as coronal mass ejections. For now, prediction is limited to the
early detection of these events and providing estimates on the effects they may cause on the
interplanetary medium and, ultimately, the Earth’s magnetosphere, ionosphere and ground
systems. Similarly, methods have been developed to provide some measure of forecast for
quantities such as magnetospheric indices, TEC, or ionospheric scintillation, often based on
neural networks or other analyses of time series of these observed quantities. As the historical
data series become longer, the quality of these forecasts will improve. However, the goal of
more physics based predictions still seems a distant prospect.
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2.3 Requirements of the users - including the European industry

After the two ESA contract studies (see the introduction of this report), an extended list of
areas were identified where public and private users could take benefit of the coordination
of a European framework for all space weather developments, e.g. : hazards to people and
systems, aviation and spacecraft security, satellite navigation, satellite telecommunications,
ground effects.
These actual or potential users are of many types : international agencies (ESA, Eumetsat),
national agencies (CNES, DASA), defence bodies (NATO), power distribution authorities
(EDF), aeronautic and space industries (Alcatel, EADS, DLR), small service business (CLS,
IEAA, Noveltis, EtaMax), insurance (SWissRe), etc. The ways of exchanges and coordinated
actions start from common participations or meetings, like the ESA Pilot projects, the Euro-
pean Space Weather weeks, the ESA info days on cost/benefit analysis, the SWENET data
base, the other participations to the COST system. Even if these common actions between
such heterogeneous entities is not yet always formal, it presently takes the shape of pro-
posal submission to ESA EMITS calls or towards the European Framework Programme (FP6
then FP7), eg in Space thematics (GMES, Galileo) or in Research Infrastructures. The Space
Weather ”user community” is just now a reality.

3 Where did we go still further? A European frame of space weather

There are two points that merit to be emphasized. The first one is that we built a community
in Europe. 28 countries participated to the action. We had 15 short term scientific missions,
11 management committee and scientific meetings, where we learnt to collaborate with each
other. This is the main success of the action.
Furthermore, there are also concrete realizations. What we have made is to built a European
frame for the discipline. That goes through different initiatives.

3.1 A European school

Promoted by COST Action 724 and funded by ICTP, COST, United States National Space
Weather Program, CAWSES, National Institute for Astrophysics and National Institute for
Nuclear Physics, an international advanced school on space weather was held at the Abdus
Salam International Centre for Theoretical Physics (ICTP) in Trieste (Italy) from 2 to 19 May
2006. Originally the directors were J. Forbes (Univ. of Colorado, USA), J. Lilensten (Univ. of
Grenoble, France; Chairman of COST Action 724) and S. Radicella (ICTP; Local Organizer),
but due to unexpected personal problems occurred during the preparation of the School, J.
Lilensten was forced to leave his activity as co-director. He suggested M. Messerotti (INAF-
Trieste and Dept. of Physics/Univ. of Trieste; Italian Representative in COST Action 724 and
Leader of Working Group 1) to take over such responsibility, but he continued to collaborate
with the organization of the activity. The main topics elaborated in the theoretical lectures
were respectively: a) Introduction to Space Weather; b) Basic physics of magnetoplasmas;
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c) The Sun: the physics behind; d) The Sun: Space Weather applications; e) The Interplan-
etary Medium; f) Earth Magnetosphere: the physics behind; g) Earth Magnetosphere: Space
Weather applications; h) Ionosphere-Thermosphere basics; i) Thermosphere-Ionosphere cou-
pling in a global models; j) Solar Radiophysics and Space Weather; k) Space Weather and Ra-
diocommunications; l) Photochemistry of Earth’s atmosphere; m) Solar influences on ozone
and climate; n) Influence of Space Weather on life emergence and evolution on Earth and
at other planets. Practical sessions in the computer laboratory were focused on the topics il-
lustrated in the theoretical lectures, whereas practical sessions at the ICTP Microprocessor
Lab were aimed at experimenting with a Terrella device. The school was organized in three
weeks for a total of 15 days of lectures. Due to the extended range of topics covering a signif-
icant part of Space Weather theory and applications, the lecturers were 29 experts in different
fields, who covered 60 hours of theoretical lectures and 55 hours of practical lectures for a
total of 115 hours of lectures. The participants could benefit of additional 15 hours of free
computer laboratory activities. A number of participants presented their research work in spe-
cial sessions of the school. The registered participants were 54 from Europe and developing
countries, selected from 180 applications according to scientific excellence criteria.

3.2 An annual European meeting: ESWW

As stated in the introduction of this report, ESTEC has maintained a key role in structuring
the field in Europe, primarily by organising a yearly workshop from 1998 to 2003. In 2003,
the COST 724 action started. Taking advantage of the enthusiasm around this new action,
it was immediately decided that the annual ESA Space Weather Workshop become known
as a European Space Weather Week with two main partners, ESA and COST. The first two
years, this meeting took place in Noordwijk (NL) at the ESTEC center. The attendance in-
creased from about 120 to 150. We decided then to move to Brussels. The Royal Observatory
of Belgium became member of the Organizing Committee along with us and with ESA. The
attendance raised to 210. Finally, we expect still more participants for the fourth edition since
the number of contributions increased (this is writen 2 monthes before the meeting date). This
meeting is a European counterpart of the US equivalent. Our US colleagues start recognizing
its importance and increase their presence. We also start having contributors from Japan and
Autralia. There is little doubt that this meeting is now secured for the years to come.
Each European Space Weather Week is divided into plenary and splinter sessions. Plenary
sessions mainly focus on the science-to-applications topics of radiation environment of the
Earth, spacecraft and aircraft environments, ionosphere, positioning and telecommunication,
magnetic environment and ground induced currents and other ground effects, atmospheres
and drag, global change and solar weather versus solar activity forecast and predictions. An
additional two sessions address business aspects in the context of agencies activities and out-
reach to communities, emerging markets and education. Every year, a large number of splinter
meetings take place, which cover both scientific and operational themes. Overall, it is felt that
this annual European Space Weather Week clearly demonstrates the presence of an active
space weather community in Europe.
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3.3 Regular European publications

The only systematic scientific publications on Space Weather are currently available through
Space Weather, the international journal of research and applications published in the US by
the American Geophysical Union. Space Weather Journal is an online publication devoted to
the emerging field of space weather and its impact on technical systems, including telecom-
munications, electric power, and satellite navigation.
In Europe, research papers on space weather are mainly published by two scientific journals,
Annales Geophysicae and Journal of Atmospheric and Solar Terrestrial Physics. Nevertheless
these are multi- and inter- disciplinary scientific journals for the publications on the Sun-Earth
system, including not only the science of Space Weather, but covering the broader scientific
field of Solar-Terrestrial plasma physics, and Earth’s atmosphere and oceans.
COST724 Action managed for the first time to release in Europe regular publications de-
voted to Space Weather through two special issues in Annales Geophysicae and one Volume
in Astrophysics and Space Science Library of Springer. These three volumes present the re-
search contributions and the invited review talks from the First, Second and Third European
Space Weather Weeks organized by our Action and ESA. The aim was to disseminate the
Action’s results to the international scientific community; but most importantly the aim was
to demonstrate the European state of the art in the science underpinning space weather and
on science-to-applications topics of the spacecraft and aircraft environment, positioning and
telecommunication, satellite drag, and GICs and other ground effects.
As modern societies are more and more depended on the technological systems operating in
geospace, systematic research on space weather effects and prompt dissemination of the re-
cent advances through peer review publications is becoming a demand. To address this need,
it is our perspective to continue regular space weather publication activities through close
collaboration with the ESA SWWT and related COST Actions. Through these publications
the numerous European scientists and engineers working on space weather basic research and
applications will find the forum to present the latest advances on the emerging and exciting
field of space weather.

3.4 An integrated European portal including services

The European Space Weather Portal is an integrated website that was developed under the
COST 724 action, in the frame of Working Group 4 - Space Weather Observations and Ser-
vices. It provides a centralized access point for the members of the space weather community
to share their knowledge and results. The services provided by the portal include the pos-
sibility to access space weather data, both in graphical and various numerical forms. The
portal also provides a platform to run both local and remote models, and access the results
of these model runs. As a service for the general public, a large section is devoted to educa-
tion and outreach, which invites children as young as five years to get involved with science.
In recognition of the diversity of the action’s members and their efforts in creating online
space weather resources, the portal also provides cross-links to existing websites. To allow
geographically disperse members to contribute, content may be created from anywhere in the
world, using only a web browser. Support on the use of the portal is provided by e-mail or by
live demonstrations at scientific conferences.
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Along with COST 724, the European Space Weather Portal is being jointly developed by the
Belgian Institute for Space Aeronomy, which is also funding its hosting.

3.5 Education and outreach activities

Since 1980 a paradigm emerged in geosciences, which is called “Earth System Science (ESS)”
or “Earth System (ES)”. Earth system science views the Earth as a synergistic physical system
of interrelated phenomena, processes and cycles which remain largely unexplored in tradi-
tional disciplinary Earth science course offerings. In the present day society, there is a vital
need for setting up education activities in parallel to outreach activities.
As ESS emerged a framework for addressing the scientific dimensions of global change, the
COST 724 Action has initiated the scientific collaboration between scientists of the universi-
ties, governmental and industrial bodies in Europe, concerning the Space Weather education.
The university offers the unique opportunity to develop knowledge and understanding about
Space Weather that can then be applied, as graduates enter the main stream society. In this
context, it is expected that the initiative taken by the COST 724 Action would create firmly a
university based cooperative effort in Space Weather under the ESS curriculum development.
The basic users of a Space Weather Education Program may be summarized as in the fol-
lowing areas: communications, satellite operations, power grids, manned spaceflight, naviga-
tion, etc. Scientific and technological developments are achieved as the results of research,
observations, models and education. Forecasting and warning services use the technology de-
veloped and disseminate the results to the basic users mentioned above. Comments of users
are returned back to the education program via feedback mechanisms. Thus, the quality and
efficiency of the education system are sustained at satisfactory levels.
COST 724 maintained many outreach activities. In this report, one paper is dedicated to the
Space Weather and Europe - an Educational Tool with the Sun (SWEETS) project. One to
a space weather experiment. But a simple visit to the European web portal will prove that
we had many more activities, including outreach publications and kids drawings on space
weather.

4 Where did we fail?

The main task that we did not fulfill is in establishing strong relationships with the US dif-
ferent agencies involved in space weather. At first when our action started, we analyzed that
the urgency was to exist as a strong European entity before starting collaboration with SEC
or other agencies. Several colleagues of our Management Committee participated to the US
space weather week and presented our action. There are of course individual collaborations
between COST 724 participants and US colleagues. But we did not devote enough efforts to
have structural relationships for mutual benefits.
Although we did address the users needs and the users services, we did not manage to have
industrials coming to our meetings, at the noticeable exception of German aircraft industry
the 1st year of action. Industrials joined the European space weather week, and connections
were established through this way.
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5 Conclusion

Although this Working Group was not scientific per se, it was a link between all of us, between
the researchers, between the working groups. After having developed this project, we can
conclude that it would not have been possible to reach all our objectives without this additional
working group. The single bureau would not have been sufficient to maintain this level of
activity.
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Summary. Our action has devoted a lot of efforts to define properly space weather and get one -or
several- European definitions. In this paper, we will explain how we handled the task, what difficulties
we came with, and how we managed to converge toward the following European space weather defini-
tion:
Space weather is the physical and phenomenological state of natural space environments. The associ-
ated discipline aims, through observation, monitoring, analysis and modelling, at understanding and
predicting the state of the sun, the interplanetary and planetary environments, and the solar and non-
solar driven perturbations that affect them; and also at forecasting and nowcasting the possible impacts
on biological and technological systems.

1 Why a new ‘Space weather’ definition?

During the 3rd Management Committee (MC) meeting in Trieste, on November 2004, the
MC considered that there were two main problems with this unofficially but widely accepted
USNSWP definition of Space Weather:

1. The statement that it ”can endanger human life or health” which is true under certain (ex-
ceptional) circumstances, it is often felt too strong and not at the same level of relevancy
than the other effects.

2. The fact that this definition is much oriented toward effects instead of science.

The preparatory work and the debate at the MC meeting could not lead immediately to a
consensual definition. Therefore, it was decided to set-up a working group which would sum-
marise the issue, analyse the problems and propose a procedure.

2 The working group. The procedure.

The members of the working group specifically dedicated to work on a new space weather
definition included 6 colleagues from our action and from ESTEC, under chairmanship of
Blai Sanahuja (coordinator). The MC asked the working group to try to the reach a space
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weather definition, or a reasonably space weather definition draft with qualifications to be
presented and discussed in a MC meeting. To reach this issue, the following actions were
programmed:

• To produce a document summarizing the relevant points of discussion on the subject.
• To make a list of constraints we put in the SW definition.
• To define a procedure that can lead to the SWDf (with possible alternatives).

3 To produce a document summarizing the relevant points of discussion
on the subject

The important issues identified by the working group, with respect the USNSWP definition
are: (1) It is the most widely used so far (including in COST programme of work and ESA
space weather pilot project). In addition, it seems that COST community will be in practice
working on a concept which is not fundamentally different from the US agencies and from
the ESA pilot project. (2) It is criticised for its excessive emphasis on hazardous SW effect on
human health. (3) It is criticised for the lack of reference to scientific activities.

To solve problems regarding point (1) the only requirement is that effort is made such that
the new definition is compatible with the definition of USNSWP. From the discussions that
took place at MC meeting the technical problems with the definitions are points (2) and (3)
above. Regarding point (2), it seems that the statement that space weather can endanger human
life or health is considered to be too strong. It is recognised, however, that ionising radiation
has statistically health impact on astronauts and air crew if certain threshold are exceeded.
So the statement is not wrong but it should be softened. Regarding point (3), the working
group examined the analogy with atmospheric weather and found out that in all definitions
the weather is defined by its effect on human activities and that there is no need to make
reference to any of the related science (e.g., atmospheric science, meteorology, climatology,
etc.). The working group decided that an equivalent approach should be used for the definition
of space weather which is a concept which can be the subject of scientific study but is not a
scientific activity per se.

From the above discussion, the working group identified the following constraints and set
of guidelines for the definition of space weather to be elaborated.

4 Proposed constraints by the working group for the definition of space
weather

Constraint 1. It should be compatible with the USNSWP definition (i.e., it must appear clearly
that they describe the same concept). Constraint 2. It should soften the statement that Space
weather can endanger human life or health but must be compatible with it. Constraint 3. The
definition must have an analogy with the ‘weather’ definition hereby reflecting the analogy
of the two concepts. This implies the following points 5 and 6 below. Constraint 4. It should
mention effects on human activity and technology. Constraint 5. The space weather should be
made as a concept independent of the scientific research.
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Furthermore, the working group recommended the following additional constraints on the
definition: Constraint 6. It must be compatible with all well recognised space weather effects.
Constraint 7. It should not mention only negative effects of space weather. Constraint 8. It
should refer to the solar variability. Constraint 9. It should be understandable by an audience
broader than the scientific community.

5 Procedure to perform to present and, eventually, to approve a
definition of space weather.

The working group approved to prepare a list of twelve definitions, divided in two groups,
to be presented in the 5th MC meeting in Vienna, on April 2005. The idea was to reduce the
number of potential definitions in order to simplify and speed up the final discussion. The first
group (six items) contained the most suitable definitions, as understood by the working group,
while the second subset gathers the definition of space weather finally discarded.

The working group approved to propose a procedure to select a definition of space
weather, subject to the approval of the MC and to the decision by the MC to go ahead with
such selection. There were three steps: (1) After discussion, approval by the MC of the list of
constraints presented by the working group (2) After discussion, approval by the MC of the
list of possible definitions of SWDf (3) After discussion, if proceeds, selection of a definition
from the list previously approved, with a final voting by the MC members.

This procedure had to be approved by the MC. The working group understood that if at
the end of the process there were an extended consensus was reached on a given definition,
the form of this definition could be modified in order to improve it or to make it more under-
standable.

Based on these criteria, 5 definitions were approved by the working group.

• SWDf2: Space Weather describes physical conditions in the Earth’s environment which are
ultimately determined by the variable solar activity. Space weather manifests itself through
various physical phenomena which are observed in the Earth’s environment comprising
space and ground.

• SWDf8: Space Weather describes the physical processes induced by solar activity that
have impact on our terrestrial and space environment, on ground based and space techno-
logical systems, and on human activities and health. The main goals of space weather are
establishing the scientific basis to understand such phenomena and developing operational
tools to predict and forecast them.

• SWDf10: The conditions and processes occurring in space which have the potential to
affect the near Earth environment. Space Weather processes can include changes in the
interplanetary magnetic field, coronal mass ejections from the sun, and disturbances in the
Earth’s magnetic field. The effects can range from damage to satellites to disruption of
power grids on Earth.

• SWDf11: Space Weather describes physical conditions in the Earth’s environment which
are ultimately determined by the variable solar activity and which may affect human activi-
ties in space and on Earth. Space weather activities include: scientific research, operational
observations and modeling, forecast and specification services.
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• SWDf12: Processes in the solar wind and Earth environment induced by solar variabil-
ity (variable conditions on the Sun). Particular consideration is given to their impact on
space-born and ground-based technological systems and human healthProcesses in the
solar wind and Earth environment induced by solar variability (variable conditions on the
Sun). Particular consideration is given to their impact on space-born and ground-based
technological systems and human health

The definitions that were discarded are

• SWDf1: Space Weather describes physical conditions in the Earth’s environment which
are ultimately determined by the variable solar activity.

• SWDf3: Space Weather Research aims at the understanding and quantification of physical
processes associated with solar activity which affect the coupled Sun-Earth system in all
aspects.

• SWDf4: The goal of space weather research is the establishment of the scientific basis
needed to develop the capability to forecast solar activity and its effect on geospace, the
biological manifold, and technological systems.

• SWDf5: Space environment changes (essentially electromagnetic and particulates with
natural origin) and their related effects (especially on human activities in space and on
Earth).

• SWDf6: Space Weather is the physical and phenomenological state of Ecospace, the re-
gion where human activities interact with the terrestrial and space environments. Space
Meteorology is aimed at the observation, the study and the prediction of Sun- and non-
Sun-driven perturbations in Ecospace, which affect both biological and technological sys-
tems.

• SWDf7: Space Weather is the science of the composition and dynamics of the space envi-
ronment of the Earth, from its upper atmosphere to the heliosphere. It aims at understand-
ing the mostly solar origin of the space environment and all the interactions inside the
space environment predicting and quantifying the energy inputs due to solar activity and
cosmic radiations and their impact on the space environment predicting and quantifying
the consequences of these variations on the ecospace, defined as the region where human
activities interact with the terrestrial and space environments

• SWDf9: Sun activity that acts on the biosystem

6 Development and discussion at the 5th MC meeting

The discussion was very warm. Discarded definitions were considered by some colleagues as
the bests, some wanted to have more emphasis on science, some on technology. In spite of
the working group efforts to set up a rationale working way, the criteria were soon forgotten.
The reactions reflected in many ways our cultural differences, showing how interesting, but
how difficult it is to build Europe! The working group tried to convince the Management
Committee that we can even come with three definitions adapted to different tasks: it turned
out to be totally impossible. It looked very much as a dead end.
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7 A European definition for space weather

During the 9th MCM in Sofia (May 2007), we decided to restart the process. Dr. Messerotti
gave a semantic grid to analyse our definitions. We restarted the discussion from SWDf6. We
understood that there should not be a definition inside of a definition (ecospace must not be
explained inside of the space weather definition), and that there is a difference between the
space weather itself and the associated discipline. We created a discussion group that gathered
30 participants. Each word was discussed. Finally, we converged to the following definition,
which constitutes therefore the European definition for Space Weather:
Space weather is the physical and phenomenological state of natural space environments.
The associated discipline aims, through observation, monitoring, analysis and modelling,
at understanding and predicting the state of the sun, the interplanetary and planetary en-
vironments, and the solar and non-solar driven perturbations that affect them; and also at
forecasting and nowcasting the possible impacts on biological and technological systems.
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Summary. Forecasting service is offered by several organizations in Europe, though Regional Warning
Centers (RWC) of the International Space Environment Service (ISES) are the main distributers. How-
ever, even ISES associate centers (commercial CLS) and collaborative expert centers such as ESA exist.
There are also providers of forecast service as an ESA Service Development Activity (SDA).

1 Introduction

The International Space Environment Service (ISES) is a permanent service of the Federations
of Astronomical and Geophysical Data Analysis Services (FAGS), under the support of the
International Union of Radio Science (URSI) in association with the International Astronom-
ical Union (IAU) and the International Union of Geodesy and Geophysics (IUGG). ISES was
called IUWDS (International URSIgram and World Days Service) until 1996. The IUWDS
was formed in 1962 as a combination of the former International World Days Service, ini-
tiated in 1959 as part of the IGY, and the former URSI Central Committee of URSIgrams
which initiated rapid international data interchange service in 1928. The first forecast broad-
cast from Eiffel Tower URSIgram was sent 1928. The mission of ISES is to encourage and
facilitate near-real-time international monitoring and prediction of the space environment, to
assist users in reducing the impact of space weather on activities of human interest. Currently
there are eleven RWCs (Figure 1). However, South Africa is becoming the twelfth and Brazil
is next. RWC-USA in Boulder plays a special role as ”World Warning Agency”, acting as a
hub for data exchange and forecasts (Poppe & Jordan, 2006).

2 Service offered by Regional Warning Centers

According to ISES Bylaws, the main tasks of the RWC is to provide users with near-realtime
space weather forecasts, provide timely and free exchange of data, information and techniques
with other RWCs, as well as to collect space environment data from local regions.
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Four of the current eleven full member RWCs are located in Europe. A brief description
of each center’s service follows.

Fig. 1. Regional Warning Centers of ISES. Soon the Southern hemisphere will also be covered by
Regional Warning Center South Africa and Regional Warning Center Brazil and not just by Regional
Warning Center Australia.

2.1 RWC-Belgium (Brussels)

The Solar Influences Data Analysis Center (SIDC) is a research group for solar physics at the
Royal Observatory of Belgium. Its operational activities include the World Data Center for the
sunspot index (Vanlommel et al., 2004) and the RWC-Belgium for space weather forecasting
(Berghmans et al., 2005). (http://sidc/oma.be/)

The RWC-Belgium has very extensive web pages consisting of most solar-terrestrial data
available, both ground and space-based. They also offer many visualization tools and tools for
detecting solar phenomena, such as coronal mass ejections.An overview of the space weather
and sunspot products can be found on http://sidc.oma.be/registration/registration main.php.

2.2 RWC-Czech Republic (Prague)

RWC-Czech Republic provides both solar, ionospheric and geomagnetic data.
Astronomical Observatory Ondrejov delivers solar white-light and H-alpha images which

are observed on a daily bases. Ionospheric Observatory Pruhonice provides ionogram every
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2 minutes. Ionospheric Observatory Panska Ves provides telemetry data for the following
projects: ACTIVE, APEX, INTERBALL-TAIL and INTERBALL-AURORAL.

Geomagnetic Observatory Budkov delivers measurements and forecasts of the K geomag-
netic index and has done that since 1967. (http://rwcprague.ufa.cas.cz/)

2.3 RWC-Poland (Warsaw)

In Poland, optical observations are continued in Bialkow (Wroclaw University), radio obser-
vations come from Krakow (Jagiellonian University) and Piwnice (Torunian University).

Geophysical Observatory in Belsk (about 40 kilometers apart from Warsaw) gives infor-
mation about geomagnetic K indices. Ionospheric disturbances are monitored by ionosondes.
One of them is the Warsaw’s ionosonde. (http://www.cbk.waw.pl/rwc/rwc.html)

2.4 RWC-Sweden (Lund)

RWC-Sweden in Lund offers several self-developed real-time forecasts based on solar wind
data, downloaded from the NASA ACE satellite (Lundstedt, 2005). Neural networks have
been trained to forecast geomagnetic indices Dst (Lundstedt et al., 2002) and Kp (Boberg
et al., 2000). RWC in Lund is also offering local geomagnetically induced currents (GIC)
predictions, of interest to the power companies in Sweden (Lundstedt, 2006).

Geomagnetic data from a magnetometer at Risinge (Lundmark, 2007) will soon be avail-
able from RWC-Sweden web site in Lund. (http://www.lund.irf.se/rwc/)

3 Service offered by other organizations

3.1 ESA (Noordwijk)

ESA is a so called collaborative expert center. ESA has coordinated much of the space weather
activities in Europe since 1996 and has a very extensive space weather web server. ESA has
developed SWENET (Space Weather European Network) that has links to 31 Service De-
velopment Activities (SDA) though ESA does not develop their own operational forecasts.
(http://www.esa-spaceweather.net/spweather/index.html)

3.2 Collecte Localisation Satellites (CLS) and CERCLe - Observatoire de Paris

CLS is a commercial site and provides only limited public service: Solar images from SOHO,
Observatoire d’Astrophysique de Catania (Italy), Nobeyama - Japon Radio - Heliogramme
and Wingst geomagnetic magnetogram. (http://www.cls.fr/previsol/)

Cycle Eruptions et Rayonnement Cosmique au Lesia (CERLe) of Observatoire de Paris,
partner of CLS, provides however, public solar service and information about aircrew dosime-
try. (http://venus.obspm.fr/previ/)
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3.3 Rutherford Appleton Laboratory (RAL)

Short-Term Ionospheric Forecasting (STIF): Ionospheric forecasts are provided up to 24 hours
ahead, using an autoregressive procedure developed jointly by the Radio Communications
Research Unit and the Geophysical Institute of the Bulgarian Academy of Science.

The latest European forecast maps of the critical frequency in the ionospheric F2 layer for
ordinary waves (foF2) and the Maximum Usable Frequency (MUF(3000)F2) are available.
The latest European derived Total Electron Content (TEC) forecast maps are also available.
STIF has been adopted as the short-term forecasting tool of the European collaborative project
COST 251.

4 Digital Upper Atmosphere Server (DIAS)

The aim of the European Digital Upper Atmosphere Server (DIAS) (Belehaki et al., 2005),
funded by the eContent programme of European Comission, is to provide a European ser-
vice for the specification and the prediction of the state of the ionosphere. DIAS consortium
consists of National Observatory of Athens, Greece; BAE System, UK; National Institute of
Geophysics and Volcanology, Italy; Leibniz-Institute of Atmospheric Physics, Germany; Uni-
versity of Athens, Greece; Rutherford Appleton Laboratory, UK; Swedish Institute of Space
Physics; Space Research Center, Poland; Blustaff, Italy; Institute of Atmospheric Physics,
Czech Republic; Observatoire de Lfbre, Spain; INTA/CEDEA, Spain.

The objectives of DIAS are: To develop a pan-European digital data collection on the state
of the upper atmosphere based on historical data collections and on the real-time information
provided by several European ionospheric stations; To develop a new digital server for the
management and distribution of this collection, based on cutting edge technology; To develop
added value products and services for ionospheric specification and forecasting that best fit
the need of the market and to perform all necessary actions for the efficient promotion of this
pan-European digital data collection to the European and worldwide market. DIAS products
and services of ionospheric specification and forecast are: Ionogram, Ionospheric scale pa-
rameters (foF2, MUF(3000)F2); Electron density profiles, maps, daily plot of the effective
sunspot number; Long-term ionospheric predictions (maps of foF2, MUF(3000)F2 and MUF
over Europe); Short-term ionospheric forecasting (one-24 hours); Ionospheric activity index.
(http://dias.space.noa.gr)

5 British Geological Survey (BGS)

Daily global geomagnetic activity (Ap index) forecasted for up to 3 days ahead, using neural
networks, (Thompson, 1993) are available from British Geological Survey. The forecasts were
developed as a Service Development Activity (SDA) (BINCAST = BGS Indices, Nowcasts
and Forecasts) of the ESA Space Weather Pilot Projects. (http://www.geomag.bgs.ac.uk/gifs/)
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6 Conclusion

A great number of European space weather service providers exist. ISES plays the role of
international providers of both local and global service. Coordination of European service,
with respect to ISES, would therefore be advisable. Without coordination there is a risk for
duplication. ISES has many years of experience of delivering forecast service to customers.
ISES has also a so called Forecast Forum, within which forecasts of an upcoming or ongoing
event can be discussed between the RWCs. Finally, coordination makes it also easier for the
customers to find the service they are looking for.
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Summary. Within solar-terrestrial physics there are numerous neural network applications and many
predictions of solar-terrestrial effects have been developed. However, few solar-terrestrial predictions
have been transitioned into operational real-time forecasts of space weather and effects. In this article
we give a short overview of these operational forecasts.

1 Introduction

Previously several neural methods have been applied to solar-terrestrial physics data (Lund-
stedt, 2005). The real challenge, however, is to transfer the model into operational real-time
forecasts using real world data (Lundstedt et al., 2002). Validation then plays an important
role (Wintoft et al., 2007).

A breakthrough for the real-time forecasts of space weather and effects came with avail-
ability of real-time solar wind data from the NASA spacecraft Advanced Composition Ex-
plorer (ACE). A real-time solar wind monitor is therefore crucial.

STEREO and upcoming SDO mission are foreseen to become a breakthrough for forecasts
days ahead.

The delivering of the real-time forecasts is an important issue. -Where can the user get
access to the forecasts? In (Lundstedt et al., 2007) we describe forecast service in Europe and
determine that International Space Environment Service (ISES) plays a key role in data and
forecast exchange through its Regional Warning Centers (RWC). ISES space weather website
(http://www.ises-spaceweather.org/) has the ability and the aspiration to be the international
site to access global and regional forecasts of space weather and effects.

2 Neural networks

Neural networks (Haykin, 1994) can deal with information that is chaotic, fuzzy, probabilistic,
and noisy. They are highly parallell and differ by how the neurons (process units) work, how
the neurons are connected (topology) and by which learning algorithm that has been chosen.



380 H. Lundstedt P. Wintoft, Y. Tulunay, and E. Tulunay

Neural networks can also be combined with other Artificial Intelligence (AI) techniques, such
as expert system, fuzzy system and genetic algorithm, into so called Intelligent Hybrid Sys-
tem (IHS) (Lundstedt, 2001); (Lundstedt, 2006b). Data presented to neural networks are first
preprocessed, often using wavelet methods (Lundstedt et al., 2006) and Principal Component
Analysis (PCA). Various techniques have then been developed to extract the knowledge the
neural networks have learned. Weights of the neural networks can be compared with terms
of the differential equations describing the physics. Multi-layer back-propagation (MLBP),
recurrent neural networks, radial-base networks and self-organizing maps have been applied
to predictions of solar activity and space weather effects. Today real-time predictions of the
space weather and effects are available, based on recurrent neural networks and using solar
wind data as input (Lundstedt, 2005).

3 Real-time operational space weather forecasts

A breakthrough for the real-time forecasts of space weather and effects came with availabil-
ity of real-time solar wind data from the NASA spacecraft Advanced Composition Explorer
(ACE). Most of the operational forecasts are based on ACE data as input and the existence of
solar wind monitor at L1 is therefore crucial. ”Kuafu solar wind monitor mission of China” is
planned to be launched 2012.

3.1 Solar activity and solar wind velocity

Forecasts of flares, based on solar vector magnetograms, using neural networks are available
from RWC-China. The complexity and non-potentiality of the solar magnetic field, and here-
with likelihood of causing solar flares, are described by the maximum horizontal gradient,
length of neutral line and number of singularities (Cui et al., 2006).

Predictions of the solar wind velocity 1-3 days ahead, based the photospheric magnetic
expansion factor and using a radial bases neural network has been developed (Wintoft &
Lundstedt, 1997), though it has not yet been implemented for operational use.

3.2 Magnetosphere and ionosphere conditions

The Magnetospheric Specification and Forecast Model (MSFM) was developed by Rice Uni-
versity in USA (Freeman et al., 1993). It uses as input neural network predictions of geomag-
netic activity index based on real-time ACE solar wind data to forecast the magnetospheric
environment of satellites (≈ 6REarth). These forecasts are used by the US Air Force.

Many predictions of ionospheric conditions, e.g. of foF2 (Tulunay et al., 2000), MUF,
TEC (Tulunay et al., 2006), have been developed using neural networks and they are expected
to soon be transitioned into operational forecasts.

3.3 Geomagnetic indices and local geomagnetic field

Daily global geomagnetic activity (Ap index) for up to 3 days ahead, using neural networks,
(Thompson, 1993) are available from British Geological Survey
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(http://www.geomag.bgs.ac.uk/gifs/). The forecasts were developed as a Service Develop-
ment Activity (SDA) (BINCAST = BGS Indices, Nowcasts and Forecasts) of the ESA Space
Weather Pilot Projects.

Following forecasts are based on real-time ACE solar wind input. Predictions of Dst index
are available from Instituto di Fisica dello Spazio Interplanetario (Roma)
(http://gifint.ifsi.rm.cnr.it/). They also offer predictions of AE index. Both developed as an
ESA SDA (Geomagnetic Indices Forecasting and Ionospheric Nowcasting Tools = GIFINT).
Dst and Kp forecasts are also available from RWC-Sweden (http://www.lund.irf.se/se/rwc/)
(Boberg et al., 2000), (Lundstedt, 2002). Operational forecasts of Dst are also available from
NICT Space Environment Information Service, RWC-Japan in Tokyo (http://hirweb.nict.go.
jp/index.html).

Forecasts of local geomagnetic fields (dB/dt) for two locations Uppsala (Sweden) and
Brorfelde (Denmark), based on ACE solar wind data and neural networks are also available
from RWC-Sweden in Lund (http://www.lund.irf.se/gicpilot/gicforecast/forecastdb.html).

3.4 Effects on technological systems

There are three main areas of effects: On satellite systems, on communication, navigation,
and on electrical systems (Lundstedt et al., 2006). Much has been developed as service de-
velopment activity (SDA) of the ESA Space Weather Pilot Projects. An extensive web site
SWENET (http://esa-spaceweather.net/sda/) is available. However, few services are running
and even fewer based on neural networks.

Fig. 1. GIC forecast web page.
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Forecasts of local geomagnetically induced currents (GIC) in power systems is one of
many operational service that are running and are available from RWC-Sweden in Lund
(http://www.lund.irf.se/gicpilot/gicforecast/). The forecasts were developed within the ESA
GIC pilot project (GIC forecast) together with Finish Meteorological Institute (FMI) and the
power industry (Elforsk in Sweden). Fig. 1 shows the forecasts of GIC for the storm event
in November 8, 2004 as well as the solar wind values of the velocity, density and southward
IMF component.

4 Conclusions

Many predictions have been developed within solar-terrestrial physics, based on neural net-
works. However, few have been transferred into operational forecasts of the space weather
and effects.
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Summary. The European Space Weather Portal is an integrated website that was developed under the
COST 724 action, in the frame of Working Group 4 – Space Weather Observations and Services. It pro-
vides a centralized access point for the members of the space weather community to share their knowl-
edge and results. The services provided by the portal include the possibility to access space weather
data, both in graphical and various numerical forms. The portal also provides a platform to run both
local and remote models, and access the results of these model runs. As a service for the general public,
a large section is devoted to education and outreach, which invites children as young as five years to get
involved with science. In recognition of the diversity of the action’s members and their efforts in creating
online space weather resources, the portal also provides cross-links to existing websites. To allow geo-
graphically disperse members to contribute, content may be created from anywhere in the world, using
only a web browser. Support on the use of the portal is provided by e-mail or by live demonstrations at
scientific conferences. The European Space Weather Portal is being developed by the Belgian Institute
for Space Aeronomy, which is also funding its hosting.

This document describes the technical development of the software system that provides
the functionality available at the portal’s URL: http://www.spaceweather.eu.

1 Rationale

The COST 724 members realized from the beginning that the community needed a website
to share their results, so in the frame of Working Group 4 – Space Weather Observations and
Services – it was decided to build a website where contributions could be centralized. To fulfill
this need, the development team at the Belgian Institute for Space Aeronomy started in the
summer of 2006 with a portal website to allow the COST 724 members to provide feedback
on this website well before the COST 724 action ended.

Because the COST actions are largely based on voluntary cooperation, and under the
pressure of a looming European Space Weather Week where a first demonstration of the portal
system would be most appropriate, the development team decided that a formal questionnaire
to collect requirements from members and possible users would take too much time, and it
was decided to set out some self-defined aims and objectives which seemed appropriate for a
scientific portal in general. As a baseline the following aims and objectives were used.
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1.1 Collaborative content creation

To implement the COST objective to support co-operation across Europe, a major objective
of the system was that it would facilitate the collaborative creation of content. At the time
the development started, the COST 724 action already included 27 different countries, with
over 50 national representatives, who would be actively contributing content to the European
Space Weather Portal. This large number of authors could only succeed in creating something
coherent if they all would work together, and share their little piece of the larger jigsaw. The
system should provide a remotely accessible platform to support this collaboration as much
as possible.

1.2 Multi-Lingual

A website that includes contributions from a large number of countries, would without the
slightest doubt include content in multiple languages. Also, if the site was to do outreach
for the general public, having the possibility to support different languages was not merely
content-provider driven, but also content-requester driven; people getting acquainted with a
new subject feel more comfortable reading in their mother tongue, than reading in a foreign
language – which English is for most of those 27 countries.

1.3 Database independence

As the portal system was designed with the possibility for growth, it was anticipated that the
choice for a particular database management system could be regretted afterwards. For this
reason the selection of the portal system was decided with a requirement that it should be
possible to choose the vendor for the back-end database on which all content would be stored
– either open source or closed source.

1.4 Extensibility

To be useful to the scientific community, the system should be extensible from the beginning,
otherwise, the system would have to be rebuilt from scratch exactly at the moment when it
becomes a success, and the increasing number of users caused an increased amount of feature
requests. Only an extensible system would be flexible enough to cope with a multitude of
features requested by and aimed at such a wide variety of users as from layman (including
children) to expert scientists.

1.5 Open Source

Many systems such as described above exist, both closed source and open source. Open source
systems are usually free of charge, closed source variants generally require licensing fees.
The combination of desired features and flexibility in commercial applications easily costs
in excess of 10,000 Euro, so due to the limited funds for the COST 724 action, a free open
source system was chosen, knowing that some missing features would have to be included by
hand.
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2 Methodology and Implementation

Because there are hundreds of different content management systems, a survey was done to
find a content-management system (CMS) that provides most of the desired functionality off-
the-shelf in order to minimise the required amount of custom code. The first CMS tested was
TikiWiki (http://tikiwiki.org). It was installed on a server at BIRA, filled with some content
and published to selected users for evaluation.

Despite positive feedback from the users, the development team quickly realised that for
most modules that provide additional functionality, the module or TikiWiki itself required the
administrator to edit the source code merely to get the module working. The availability of
the source code is a great advantage when something doesn’t work, but when hardly anything
works, the amount of effort necessary to edit the source code frequently would severely limit
the progress of the portal as a whole. Therefore it was decided to abandon TikiWiki.

Given the experience gained with TikiWiki, another CMS named Drupal (http://drupal-
.org/) was evaluated. Initially the TikiWiki mindset made Drupal administration a little bit
awkward, but the system was given a fair chance and after a while it became clear that not only
the system itself was better than TikiWiki, but also the available modules could be activated
without too much trouble. In fact it is still this second test system that operates the current
European Space Weather Portal.

3 Output

The most visible output is obviously the website itself, which is accessible at http://www.-
spaceweather.eu. The .eu domain name was chosen to emphasize the European roots of the
COST actions, and at the same time make all participating countries feel equally represented,
regardless of their geographical location.

The main features of the portal are access to space weather data and models, glossaries of
acronyms, an introduction to space weather translated in several languages, and an extensive
section on public outreach.

Comments, both e-mails and posts on the portal itself, show that the European Space
Weather Portal is greatly appreciated by both the scientific community and the children who
made drawings. Both teachers and children are very proud to see their images on line.

4 Conclusion

The combined efforts of the COST 724 members resulted in an integrated portal built on
collaboration as the cornerstone of success. No single partner on its own could have developed
this variety of features in such a small amount of time. The joined forces aimed at a common
goal culminated in a tool to be used for a long time to come.

In the future, the development team would like to extend the functionality of the portal
by providing access to more space weather related data, wherever possible in real-time. Sim-
plified integration of models and processing tools into the portal, and a way to connect the
output of one model/tool to the input of another, combined with improved data visualisation
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will lead to an integrated framework for event analysis. This, together with an extension of
the outreach section should cover the needs of the entire spectrum of the space weather com-
munity, including the general public.
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Summary. Our action has devoted a lot of efforts to create relationships with industry. This resulted in
catalogue available on the space weather web portal of industrials related to space weather applications.
But maybe more important in our point of view, it also resulted in succesfull creation of one private
company and in the kick off of two pre-existing companies owned by 3 of our COST 724 members.
In this paper, we describe these three companies and analyse how COST and these private companies
benefit from each other.

1 Introduction

COST is aimed at coordinating the scientific and technological activities over Europe in dif-
ferent domains. Although purely a public system funded by the DG research, COST is open to
all kinds of relationships with industry. In the space weather domain and maybe more than in
many other disciplines, industry is a fundamental parameter. Not only industrials can benefit
from the outputs of the space weather activities (i.e. to protect spacecrafts, pipe lines, com-
munications a.s.o.), but industrials can also provide services that are not the aim of public
research laboratories. In the frame of our action, we have been delighted to serve as ground
for three companies from three participants of this COST action. In the following we will
describe these companies and show how a COST action can be usefull in such activities.

2 DH Consultancy BVBA

DH Consultancy BVBA is a one-man company based in Leuven, Belgium. The company was
founded by Dr. Daniel Heynderickx in June 2007. D. Heynderickx has a long-standing expe-
rience in several ESA projects, including project management, coordination and follow-up of
contracts, and participation in the technical work. He has had key roles in ESTEC Contracts
Space Environment Information System (SPENVIS), Trapped Radiation Environment De-
velopment (TREND), Radiation Environment Research from Multiple Monitors (RERMM),
Space Weather Network (SWENET), and Solar Energetic Particle Environment Modelling
(SEPEM).
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He is also one of the Belgian National Representatives for COST 724 action ”Developing
the Scientific Basis for Monitoring, Modelling and Predicting Space Weather”. As such, he
played a key role in starting up the European Space Weather Portal (http://www.spaceweather.
eu), the European gateway to space weather resources. The portal is a product of the COST
action, and is being developed and maintained by the Belgian institute for Space Aeronomy,
in the framework of the Belgian Solar Terrestrial Centre of Excellence.

DH Consultancy is building on the experience gained in these various projects. It offers
expertise in the following domains:

• radiation environment modelling
• space environment effects on spacecraft and components
• processing, storing and accessing spacecraft and ground based data
• space weather models and predictions
• tailored services combining data, models and custom built processing tools

After only a few months of experience, a number of prototype demonstrator services are
already available on a server which can be reached through http://www.dhconsultancy.net.
The tools and services currently under development include:

• a mirror of the Izmiran 1 hour average neutron monitor data archive, converted into an
SQL data base, with data retrieval and plotting tools

• an SQL database of a number of geomagnetic and solar wind indices, with retrieval and
plotting tools

• an SQL database of the 5 minute averaged particle, X-ray and magnetic field measure-
ments made by the NOAA GOES satellite series, with retrieval and plotting tools

• an application to calculate real-time geomagnetic cut-off values for neutron monitor sta-
tions, using real time Kp values (from Regional Warning Center Sweden) and the MAG-
NETOCOSMICS code developed by the University of Bern.

In the future, more data and services will be added, including a platform for remote running
of computer models.

Company information:
DH Consultancy BVBA, Diestsestraat 133/3, 3000 Leuven, Belgium
Tel: +32-16-225860
E-mail: DHConsultancy@skynet.be
url: http://www.dhconsultancy.net

3 Space IT GmbH

SpaceIT GmbH is a SME that provides expertise in the field of space radiation. It is specialised
in the development of softwares for modelling and forecasting the radiation environment in
space and on Earth, and for quantifying its effect on technologies, planets, and biology. It was
founded in March 2006 by Dr. L. Desorgher.
During its PhD and its research work in Cosmic Rays at the University of Bern, L. Desorgher
was involved in several ESA projects and did also take part actively to the COST 724 action.
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He his the developer of the MAGNETOCOSMICS and PLANETOCOSMICS code on base
of which he did develop during this COST action a code for computing the ionisation of the
Earth’s atmosphere by galactic and solar cosmic rays. During his different past activities he
could gather the following expertise that he his now offering through is own company:

• Analysis of space instrument data
• Modeling of space radiation environment
• Space weather modeling
• Modeling the effect of energetic particles on planets, on biology and on infrastructure

(electronics,...)
• Important knowledge in the electromagnetic and nuclear processes involved in the inter-

action of energetic particles with matter
• Important knowledge on magnetosphere and space physics
• Use of MonteCarlo techniques (Geant4) for modeling the interaction of energetic particles

with matter
• Development of software according to software engineering standard

Company information:
SpaceIT GmbH, Sennweg 15, CH 3012 Bern, Switzerland
Tel: +41 31 301 45 22
E-mail: desorgher@space.unibe.ch

4 1A First Applications and Management Consultancy for Space
Weather Service, Research, Education and Culture

1A was established in 2001 a few years before the action started. His chairman is Dr. Frank
Jansen, who is one of the German National representative of the COST 724 action. 1A is
located at the Technology Centre Vorpommern at the Hanse and University town Greifswald
in Germany. 1A offers the following products and services:

• construction and marketing of space weather related hardware products like space weather
forecast radio and cosmic ray telescopes and monitors, aircraft dosimeter, current monitors
for power lines and pipelines, forecast and nowcast operation centres

• development, installation and service for space weather related software for the follow-
ing applications: satellites, Galileo satellites navigation, long / short distance and wireless
telecommunication, aircraft and aircrew protection, pipelines, power lines and car elec-
tronic,

• simulations on space weather forecast and nowcast of solar and cosmic ray origin, for the
nearby Earth environment, magnetosphere, ionosphere, atmosphere, ground based effects
and global warming

• world-wide realization of ESA space house
• European wide promotion via interactive exhibit in a space weather bus for shopping and

science centres, industrial fair organisation, conferences and space weather dance show
for social events
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• consultancy for board of directors, for security organisations, training of employees on
space weather user, science and benefits related aspects

Amongst the clients and partners, one finds the European Commission Brussels, the Eu-
ropean Space Agency, the German Aerospace DLR, the Max-Planck-Institute or the Austrian
Research Centers Seibersdorf, Austria. One finds also the Swiss reinsurance (Switzerland)
company, Ruhrgas AG, Essen, Germany, O2 / Telefonica Nrnberg, Germany, several univer-
sities such as Bern (Switzerland), Delaware (USA), Greifswald (Germany), Shinshu (Japan)
and Yerevan (Armenia) or several institutes such as the Space Weather Observatory WWW
Greifswald, Germany, the Australian Antartic Division Hobart, the Bulgarian Academy of
Sciences Sofia, or the Slovak Academy of Sciences Kosice

Company information:
Dr. Frank Jansen, 1A Greifswald, Brandteichstr. 20, 17489 Greifswald, Germany
Tel: +49 3834 762463, +49 176 24267648
Skype connection: lieven130597
Fax: +493834 550222
www.1A-FirstApplications.com

5 Discussion and conclusion

How did the action and these companies benefit from each other ? The benefit for COST 724
is obvious: these three colleagues irrigated our action with their dynamism. What about the
other way round ?

In June 2006, a short term scientific mission was dedicated to further arrangements for
the European Space Weather Portal and the modification-implementation of current models
in the field of Space Physics. The implementation was carried out together with the model
providers so they could understand better how exactly it works and how they can modify the
code themselves. After the implementation, a working model access server and an interface
were available so the model providers had a test environment. Taking the advantage of flex-
ibility of computer tools, it was decided to implement several other models concerning the
topics of COST724. This was made through public laboratory facilities (BIRA, Belgium). In
April 2007, a second STSM followed with twenty experts from nine countries:, with the aim
of using the facility developed in the first STSM to give access to neutron monitor data. In
the words of the organisers themselves, this workshop was a historical occasion in the sense
that for the first time neutron monitor station representatives and scientists were gathered for
a dedicated meeting on standardisation and collaboration to establish a common platform for
data exchange and for future developments.
The main outcomes of the workshop were a concrete plan for a set of action items on the data
providers to send extensive descriptions of their instrumentation, data content and processing.
On top of it, a database was foreseen. As DH Consultancy is already providing data base ser-
vices, it could become a partner for the COST 724 (and related) service activities.
Space IT GmbH had been created before the start of the COST 724 action. At that time, its
purpose was for Dr. Desorgher to be able to continue the works that he was doing at the Uni-
versity of Bern on a private basis. During the COST724 action Dr. Desorgher was responsible
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for the development of a code that computes the ionisation of the Earth’s atmosphere by cos-
mic rays. During a STSM we managed to gather in Bern all the colleagues that had created
such cosmic radiation codes in Europe. To our surprise, this had never been made before.The
involvement of Dr. Desorgher in the COST724 action had a positive influence on the devel-
opment of SpaceIT. During the different COST meetings that he did attend, he could initiate
or strengthen contacts with different collaborators for future projects and more specially with
DH Consultancy. But in order to better understand what COST offered to Space IT, let us lis-
ten to L. Desorgher himslef: ”COST allowed me to realize more strongly that there is a need
for companies such as mine in space weather in space radiation activities. This motivates me
quite a while ! It is also very motivating to meet colleagues such as me who, coming from
academic institutes, create small size companies. But the most important for me is that COST
allowed me to take contacts, and to learn more on the future european prospectives.

The case of the 1A company is quite different. This company had been created two years
before the action started. A difficult question arose: should the European Space Weather Web
Portal be developed under the umbrella of this company? This was not possible because most
of the data provided in the portal were from public institutes, and 1A would not have been
allowed to make money out of them. But an other way of collaborating soon raised up. Dr.
Jansen was already known for his internationally recognized outreach activities. He had cre-
ated a CDrom devoted to space weather, had participated to creating a dance show on the solar
storms. In the case of the CD rom, Dr. Jansen did benefit from the international aspect of our
action (26 countries) to have it translated in different languages. Along with other colleagues,
Dr. Jansen decided to run for a FP7 funding on a space weather outreach program (described
in this book). He needed of course to have a good knowledge of the current outreach activities
in different countries. The first STSM of the action was devoted to this task. In December
2004, Dr. Frank Jansen visited the Finnish Meteorological Institute (FMI) / Space Research
Unit in Helsinki in order to write a paper about space weather and insurance aspects, to study
the ”Aurora Now” system developed by the FMI for touristic purposes at Finnish Lapland
hotels and to visit the National Finnish Science Centre Heureka in Vantaa nearby Helsinki.
Dr. Jansen was then given the task to develop outreach activities for our action, which was
the topics of his working package. He could soon participate to a proposal to the European
Commission. It was not easy to get funded. In spite of our support, the first application was
rejected. We therefore decided to write as many letters as possible and to support 1A in all our
meetings. This was certainly a strong help, and Dr. Jansen and his 1A company were finally
funded for this outreach activity.
It is obvious that these activities did benefit to all partners, COST 724 and the three companies
described above. It shows that public and private activities are not contradictory when they
are thought for a mutual benefit.
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Summary. Since 1980 a paradigm emerged in geosciences, which is called “Earth System Science
(ESS)” or “Earth System (ES)”. ”There is no process or phenomenon within the ES that occurs in com-
plete isolation from other elements of the system”(Johnson et al., 2000). As ESS emerged a framework
for addressing the scientific dimensions of global change, the COST 724 Action has initiated the scien-
tific collaboration towards education between scientists of the universities, governmental and industrial
bodies in Europe, concerning the Space Weather education. The university offers the unique opportunity
to develop knowledge and understanding about Space Weather that can then be applied as graduates
enter the main stream society. In short, it is expected that the initiative taken by the COST 724 Action
would create a university based cooperative effort in Space Weather under the ESS curriculum develop-
ment firmly.

Since 1980 a paradigm emerged in geosciences, which is called “Earth System Science
(ESS)” or “Earth System (ES)”. “There is no process or phenomenon within the ES that
occurs in complete isolation from other elements of the system. While this interconnectedness
is elegant and satisfying philosophically, it presents an enormous challenge to researchers
attempting to quantify various elements, states and processes within the system” (Johnson et
al., 2000). Figure 1 illustrates the concept of a pyramidal structure relating ESS and global
change education in the larger interest of society. Broadly based and orderly higher-level
responses address the goals and constraints of global sustain ability. Future of our planet and
destiny of humankind are dependent upon the interdisciplinary pyramid of ES as illustrated
by Johnson et al. (2000) in their paper.

In 1991, NASA and the Universities Space Research Association (USRA) initiated a pro-
gram to introduce college undergraduates to the interdisciplinary challenges of an emerging
Earth system science approach to understanding our planet. Earth system science views the
Earth as a synergistic physical system of interrelated phenomena, processes and cycles which
remain largely unexplored in traditional disciplinary Earth science course offerings. The on-
going Cooperative University-based Program for Earth System Science Education (ESSE)
challenges colleges and universities to develop and offer classroom courses which examine
the Earth as a system and to share their progress, course materials and learning modules.
Concurrent with the development of the ESSE community and its shared learning resources
has been the exponential growth of the Internet and its suite of communication tools, which
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Fig. 1. “Conceptually the pyramidal structure illustrates relation of Earth System Science and global
change education to larger interests of society. Broadly based higher-level education in Earth System
Science and global change provides foundation for societal activities and response that addresses goals
and constraints of global sustainability. Development of Earth System Science and global change cur-
riculum requires joining of basic and applied disciplinary interests to create this foundation.” (Johnson
et al., 2000)

are central resources for the ESSE Program. The Internet has enabled the rapid deployment
of information and resources through shared repositories of learning materials and general
Earth system science knowledge, all of which serve to create and maintain an active informed
education community (Johnson et al., 2000).

In the present day society, there is a vital need for setting up education and outreach activ-
ities in the Space Weather field for creating a healthy environment for the proper development
of Space Weather markets along with the fundamental and applied research activities. The
Space Weather, concretely, must provide value added services for the end user that has to be
the driving motivation. Last, but not the least, a portal financial support for the Space Weather
service providers is the formation of the competent human resources (Crosby et al., 2006;
Siscoe G., 2000; Tulunay Y. and Tulunay E., 2005). Sufficient financial support for the Space
Weather service providers is required for the information of competent teaching (scientific
and technical personnel) and, hence, for research and education in the subject.

“In Europe, as in North America and Japan, several private Space Weather initiatives have
been launched in recent years, but daunting constraints-including the high cost of space-based
monitoring and the vast complexity of space weather systems-make it imperative that large
agencies coordinate the actions of researchers, data providers, users, and military organiza-
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tions. In Europe, this role has begun to be filled by the COST 724 Action” (Lilensten et al.,
2004).

As ESS emerged a framework for addressing the scientific dimensions of global change,
the COST 724 Action has initiated the scientific collaboration towards education between
scientists of the universities, governmental and industrial bodies in Europe, concerning the
Space Weather education. The university offers the unique opportunity to develop knowledge
and understanding about Space Weather that can then be applied as graduates enter the main
stream society. In short, it is expected that the initiative taken by the COST 724 Action would
create a university based cooperative effort in Space Weather under the ESS curriculum de-
velopment firmly.

The basic users of a Space Weather Education Program may be summarized as in the
following areas: communications, satellite operations, power grids, manned spaceflight, nav-
igation, etc. Scientific and technological developments are achieved as the results of research,
observations, models and education. Forecasting and warning services use the technology de-
veloped and disseminates the results to the basic users mentioned above. Comments of users
are returned back to the education program via feedback mechanisms. Thus, the quality and
efficiency of the education system are sustained at satisfactory levels.

The following case studies illustrate the beginning of such a task towards a coherent and
concrete unifying Space Weather education for the science and engineering curricula in Eu-
rope:

• Case 1: Books

1. Space Weather, Research towards Applications in Europe Series, Lilensten, J. (Ed.),
Astrophysics and Space Science Library, Vol. 344, 2007, XII, 332 p., ISBN: 978-1-
4020-5445-7
This book shows the state of the art in Europe on a very new discipline, Space Weather.
This discipline lies at the edge between science and industry.

2. Space Weather, Environment and Societies, Lilensten, Jean, Bornarel, Jean, 2006,
XIII, 242 p., ISBN: 978-1-4020-4331-4
Our planet exists within a space environment affected by constantly changing so-
lar atmosphere producing cosmic particles and electromagnetic waves. This ”space
weather” profoundly influences the performance of our technology because we pri-
marily use two means for transmitting information and energy; namely, electromag-
netic waves and electricity.
(Retrieved from http://www.springer.com/, 2007)

3. “From the Sun - Auroras, Magnetic Storms, Solar Flares”, Cosmic Rays, S.T. Suees
and B.T. Tsurutani eds., American Geophysical Union, Washington, DC, USA, ISBN
0-87590-292-8, 1998
This book is appropriate for high school graduates and scientists unfamiliar with space
physics.

4. “Space Weather - Physics and Effects”, Eds. Volker Bothmer and Ioannis A. Daglis,
Praxis Publishing Ltd, Chichester, UK, 2007, ISBN 3-540-23907-3
This is a very recent comprehensive book on the physics of space weather and on space
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weather impacts on human technology (for readers with some scientific and technical
background)

• Case 2: Formal Education
Formal education on the Near Earth Space at the Middle East Technical University, De-
partment of Aerospace Engineering in Ankara has been offering some courses towards the
Near Earth Space medium since 1990, that is,
AE453 “Introduction to Atmospheric Physics”,
AE454 “Introduction to Atmospheric Physics II”,
AE551 “Introduction to Space Sciences”,
AE552 “Selected Topics on Space Sciences”,
AE552 “Applied Orbital Mechanics”.
(for more detailed information, please visit http://www.ae.metu.edu.tr).
With the COST 724 Action initiative, the syllabi of these courses have been re-interpreted
under the philosophy of the ESS with Space Weather flavour.
In parallel to the course work with emphasize on Space Weather approach, the subjects
of the graduate theses have been directed towards the objectives of the COST 724 at the
METU Department of Aerospace Engineering.

• Case 3: Summer School The State Planning Organization (DPT) and Turkish Scientific
and Technical Research Council (TÜBİTAK) have been issuing strategic programs period-
ically to list the priority areas in research and technical developments to promote activities
in selected disciplines. Space Research and related technologies are two of the items that
have systematically been short listed. However, initiatives in the Near Earth Space Sci-
ence, or ESS, and technologies had not yet become part of the system in practice until the
beginning of the COST 724 Action. Under the spirit of the COST 724 Action, there was
a graduate course delivered in Turkey emphasizing “Solar-Terrestrial Physics and Space
Weather” (Crosby et. al., 2006). This Feza Gürsey Institute graduate course was an initia-
tive to promote the Near-Earth Space Physics in relation to the Space Weather principles
in Turkey the first time.
The enthusiasm of the students during this course to learn about this subject matter has
shown that there is a need for the next generation of scientists and engineers to appreciate
the applicability of the Space Weather on the technology and life on planet Earth that the
world relies upon in the third millennium.
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1 Introduction

We present here a plasma space weather experiment which makes it possible to simulate most
of the phenomena leading to the formation of polar lights. It consists in shooting electrons
on a magnetized sphere placed in a vacuum chamber. This experiment, inspired by the Ter-
rella of K. Birkeland built at the turn of 19th century, allows the visualization of very many
geophysical and astrophysical situations. Although delicate, it is feasible at undergraduate
level

2 The Terrella: Kristian Birkeland’s historical experiment

In 1733, in the first treatise on the aurora borealis (or polar lights), Jean-Jacques Dortous de
Mairan describes in an intuitive but visionary way the bond between the aurorae and the Sun:
It is certain, as we shall demonstrate from a great number of observations which are not am-
biguous, that the atmosphere of the Sun [. . . ] reaches sometimes the terrestrial Orbit. At that
time the matter which composes this atmosphere suddenly meets the higher parts of our air,
below the limits where universal gravity, whatever the cause, starts to act with more force
towards the center of the Earth than towards the Sun, falls into the Earth’s atmosphere to
more or less depth, according to whether specific gravity is more or less large, with regards to
the layers of air which it crosses, or which it survives. A few years later, in 1747, the Swedish
astronomer Anders Celsius and his assistant Olof Hiorter discover that the magnetic field is an
essential ingredient of the physics of aurorae borealis. During the 19th century, geographers
establish that the polar lights occur preferentially around the magnetic poles, drawing what
will be called the “auroral ovals”. Parallel works in electromagnetism also result in postulat-
ing the existence of charged particles, the electrons, soon discovered by Thomson in 1901.
These charged particles were at that time given the name “cathode rays”.
At the end of the 19th century, the Norwegian physicist Kristian Birkeland, a brilliant ex-
perimenter, had the original idea to shoot cathode rays on a magnetized sphere suspended in
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a vacuum chamber. This sphere was connected to the anode of the power generator. Birke-
land imagined the cathode to represent the Sun with the cathode rays simulating the solar
atmosphere (for which Parker will coin the term “solar wind” in 1958), and the suspended
magnetized sphere representing the Earth. He built up to fourteen different versions of his ex-
periment during the course of his life. This experiment is called “Terrella”. It made it possible
to make the first laboratory demonstration of the mechanism of the polar lights by recon-
structing and visualizing the auroral ovals. The notes of Birkeland are not very precise, but
his experiment was recently rebuilt at the University of Tromsø (Norway) by the engineer
Terje Bruntdland starting from the original experiment. This new experiment determined the
necessary vacuum conditions to be about a few pascals, while the electric tension should be
of a few hundred volts.
By reversing the polarities of his experiment between the sphere and the dusk, Birkeland was
also the first to visualize the ring currents. The radiation belts associated to these currents were
later discovered in 1958 during the first US space flights by James Van Allen, a result which
earned him the Crafoord prize in 1989. Unfortunately, Birkeland gave a bad interpretation to
his observation, comparing the rings he saw to Saturn’s rings.

3 A new experiment: The Planeterrella

In the frame of the COST 724 action, we started by building a Terrella experiment for the space
weather school that we organized at the Abdus Salam International Centre for Theoretical
Physics (ICTP) along with the US National Science Foundation. This was a very successful
experiment, reproducing all feature explored by Birkeland one century ago. Figure 1 shows
the Terrella experiment with the students gathered around. This experiment was developed by
the technical staff of ICTP and INAF-Trieste Astronomical Observatory.

Fig. 1. The ICTP Terrella experiment (credit: Gosain Sanjay, space weather school student).

Based on the past experience, we realized that Birkeland had done something triky, and
we reshaped his experiment in order to build a totally new one. Instead of Birkeland’s hanging
globe, which made his experimental setting very difficult to modify, we thought of a new way.
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In the experimental setting proposed here, the sphere is put on a base which one can freely
move. It can be adjusted in height, such as the mount supporting a parasol. With this config-
uration, the magnetic axis can be pointed in any desired direction. The electrode is attached
to a wheel inserted into a notch, embedded in a bent plastic structure. Thus, it can be moved
at will and positioned in all directions around its axis. In the Terrella configuration, it is not
possible to have two spheres, as they attract each other because of the strong magnetic fields.
In our new experiment, one can multiply the number of spheres and thus look at interactions
in multiple configurations.
We use a vacuum chamber of 50 liters with a diameter of 50 cm. It is built out of plexiglas.
Plexiglas is opaque to UV radiations and it is cheaper than glass. As a corollary, one cannot
make a spectral analysis in UV from the outside of the vacuum chamber; the spectrometer
should be inserted inside. The two spheres have a diameter respectively of 10 and 5 cm. They
are manufactured in a non-magnetic metal (aluminium). Birkeland used copper. The vacuum
must be about 10 Pa, and can thus be obtained with a primary pump. The tension is higher
than approximately 500 V for an intensity of an order of 0.1 to 1 mA. Thereafter, we will take
a value of 1000 V and 0.1 mA. The emitted electrons have then an energy of 1 keV, or 1.609
? 10-16 J. At the moment, we use rare earth permanent magnets in the spheres. The intensity
is approximately 0.5 T at the surface of the magnets, which have a size of a half centimeter.
Their positioning is done simply by using a base of modeling clay inside the spheres.

4 Observations

The electrons emitted by the cathode collide with the ambient gas, creating ions and molecules
in excited states. Some desexcitations lead to visible light emissions, which we will describe
in the part devoted to the physics of the phenomenon. The light is more intense in the areas of
greater electron density. It is this light which was observed by Birkeland, and which is visible
on the images which follow.

4.1 Birkeland’s observation reproduced

All the configurations observed by Birkeland are reproducible in this new configuration. In
figure 2, one sees the two auroral ovals. Here, the sphere is the anode and the electrode is the
cathode.
In Figure 3, the setting is reversed and the electrode becomes the anode while the small sphere
acts as the cathode. The electrons are emitted in a plane perpendicular to both the magnetic
and electric fields, creating the radiation belt in the shape of a ring. This ring can also be
observed in the configuration where the tube is cathode, but is less luminous than the auroral
ovals; therefore this ring is difficult to see and photograph. It is the ring that Birkeland had
taken for Saturn’s rings.
What does this new experiment offer in terms of additional possibilities?

4.2 A better visualization of the phenomena

Rather than using the electrode duct as an electron gun, one can now use one sphere as the
cathode (the star) and another as the anode (the planet). This is shown in figure 4. In the
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Fig. 2. Visualisation of the auroral ovals (credit: C. Simon, LPG/ESTEC)

Fig. 3. Visualisation of the radiation belt (credit: C. Simon, LPG/ESTEC)

foreground, the auroral ovals are formed on a magnetized planet. In the background, the star-
cathode is also magnetized. Here one sees the coronal halo with the coronal holes around
the poles which are comparable with those observed on the Sun. This is independant of the
presence of the magnetized planet and may be observed anyway. It is however necessary to
take care not to push the analogy too far: the coronal holes are of course related to the solar
magnetic field, but also to the dynamics of the star.

4.3 Planets with tilted magnetic axes

The fact that the magnetic and geographic poles of Saturn are aligned represent a curiosity in
the Solar system: at the moment, there is no aggreement on the process to create a planetary
magnetic field, and nothing implies such an alignement. The Earth and Jupiter have magnetic
declinations of about 10 degrees. It is this configuration that Birkeland always privileged. The
simple fact of being able to position the spheres as needed and to allow the electrode to move
makes it very easy the incline the magnetic field inside the sphere (see technical details in the
third part). One can thus simulate the configurations of Neptune and Uranus, which magnetic
angles are about 50 degrees. The geographical North Pole of Uranus points towards the Sun,
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Fig. 4. Interaction between a magnetized star and a magnetized planet (credit: C. Simon, LPG/ESTEC)

so that its magnetic axis is almost directed like that of the Earth with respect to the solar wind.
The Voyager probe has already detected a night aurora on Uranus, close to its magnetic pole.
The angle of inclination of the axis of rotation of Neptune on the ecliptic is 29 degrees, with an
angle of 45 degrees between the magnetic and geographical axes. Thus the solar wind enters
directly into the polar cap.

4.4 Interaction between a magnetized planet and a magnetized satellite

On December 12, 1996, Nature published the discovery of Dr Kivelson and his colleagues
of the magnetic field of Ganymede, satellite of Jupiter . The magnetic fields of Io and Eu-
ropa were discovered shortly after. The configuration with several spheres makes it possible
to quantitatively approach the auroral interactions of these bodies. It goes without saying that
scaling problems can arise, and that it is therefore necessary to be very careful with the in-
terpretation of the observations. In Figure 5, the electrons are emitted by the electrode duct
(on the right side in the image), and the two spheres are connected to the anode. The small
sphere, with a stronger magnet, represents Jupiter with a significant current belt and auroral
phenomena at the poles while the large sphere represents a magnetized satellite.

Fig. 5. A magnetized planet with a magnetized satellite (credit: C. Simon, LPG/ESTEC).
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4.5 Interaction between a magnetized exoplanet and a near magnetized star

More than a hundred exoplanets have been discovered since 1995 (http://exoplanet.eu/catalog.
php). Because of the methods of detection most are “Jupiter-like” planets in term of size, with
very short distances from their star (for example 0.04 astronomical units for HD179949b).
Nothing excludes that these planets, like their star, can be magnetized. In this case, the short
distance between them implies direct magnetic interactions, their fields recombining without
the generation of a magnetosphere. This case can also be approached in a qualitative way in
the current configuration of the experiment.

4.6 The polar caps

The physical link between the radiation belts and the auroral ovals is represented by the polar
caps. Inside the caps the Earth’s magnetic field opens to the plasma mantle and to space.
Although difficult to photograph, the caps can nevertheless be seen in the current experiment.

4.7 Binary systems

Since each sphere and the electrode are connected to an electric plug, we can also easily
simulate the electromagnetic interaction of two-star systems (binary stars) with planets in all
magnetic configurations.

4.8 The Planeterrella

The configurations of the experiment suggested here are very numerous. It is now possible
to simulate the majority of the cases encountered in planetology. This is why we named this
experiment “Planeterrella”.

5 Conclusion

This experiment is a little delicate to implement, but could be performed at a highschool
level with materials from the school. The great difficulty comes from the manufacture of the
spheres. Those must have a good surface quality, because any irregularity can deviate the
electric field. We used the end balls of a staircase ramp with varied success. The cheapest and
easiest way to manufacture the spheres is to order them from a company working in metal-
lurgy. This experiment allows developing a very high level physics involving plasma physics,
quantum mechanics, radiation physics. . . This is developed elsewhere Lilensten et al. (2007)
and is not the topics of this paper. This new Planeterrella experiment, although largely inspired
from the Birkeland’s Terrella, would not have been thought without the COST 724 frame and
its European Space Weather school. Starting from scratch, the overall cost is high (approxi-
mately 20.000 euros). The design and concept are obviously a significant part of the cost of
the project. This is why the experimental designs we conceived are freely available on request
for cultural uses and teaching for non profit, with the condition of quoting the CNRS and the
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designer of this experiment (J. Lilensten). Several programs are under study. In the first one,
with the support of UNESCO, we aim at building Planeterrellas in developing countries in or-
der to reach a unit cost lower than 1000 euros. The goal is to allow the scientific universities in
these countries to acquire a model for practical work of plasma physics. The second program
consists in the spreading of this experiment in high schools and universities in France.
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Summary. In this paper, we describe the collaboration between two COST action: COST 724 devoted
to space weather and COST 296 (formerly COST 271) devoted to the study of the ionosphere and its
impact on communication and positionning. Several colleagues work in the two actions. This resulted
in an important input provided by the COST 296 action to COST 724 based on the ionospheric models
developed during the last COST actions(COST 238, 251, 271 and 296) for space weather applications.

1 Introduction

The objectives of the COST 724 action are to develop within a European framework the
science underpinning space weather applications, as well as exploring methods for providing
a comprehensive range of space weather services to a variety of users, based on modelling
and monitoring of the Sun-Earth system.
The objectives of the COST 296 action, continuing the studies of COST 238, COST 251 and
COST 271, are to develop an increased knowledge of the effects imposed by the ionosphere on
practical radio systems, and for the development and implementation of techniques to mitigate
the deleterious effects of the ionosphere on such systems.
The two actions oughted to work complementary in order to avoid duplication of efforts.
Indeed, the ionosphere is a major actor of space weather studies which have applications
on positionning and radiocommunications. This is why several colleagues belong to the two
actions, COST 724 and COST 296. Thanks to their enthusiasm and will to collaborate, COST
296 prepared a list of ionospheric models to be included in the space weather portal that
COST 724 had created. In this paper, we will shortly describe this list. Then, we will describe
a pan-European ionospheric server (DIAS) that, although an idependant European project,
beneficiated to the two actions.
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2 Report on ionospheric models developed during the last COST actions
in ionospheric science

There are different approaches to describe the ionosphere for space weather purposes:

• Based on the goals: long term prediction, forecasting, nowcating or specific phenomena
modeling

• Based on the parameter that is being described: electron density profile (Ne), total electron
content (TEC), the maximum value of the electron density in the F region and its associ-
ated plasma frequency(foF2), or the maximum useable frequency (MUF) for short wave
communications

• Finally, they can also be classified versus their approach: they may use statitics, physics,
fitted laws or a mixture of them.

Fourty ionospheric models have been presented. A brief description of some selected mod-
els is given in the table. All the references about the models in Tab. 1 are given in Perrone et al.
The long term prediction chapter includes the analysis of nine different models; nine models
deal with ionospheric forecasting and nine with nowcasting; nine are able to provide electron
density profiles and /or total electron content. Finally, eight models are more specific, dealing
for example with the F1 region, or with scintillations. Those are not less important though for
dedicated applications.
The modeling was carried out by collaborative groups, where individuals from different coun-
tries worked together to achieve a common goal. From this huge amount of work, it was re-
alized that Europe is satisfactory equiped for ionospheric space weather applications even if
further developments are always requested. The skill sits here. Coordination is a major re-
quirement for future applications in space weather.

3 DIAS

DIAS is a pan-European distributed information server providing information on the iono-
spheric conditions over Europe (http://www.iono.noa.gr/DIAS/Default.htm). The action offi-
cially finished in May 2006 but is still maintained and very active since then. The system is
capable of supporting the acquisition, elaboration, evaluation, dissemination and archiving of
the ionospheric observations currently obtained from seven European ionospheric stations op-
erating in Athens, Rome, Juliusruh, Chilton, Ebre, Pruhonice, and Lycksele, serving the devel-
opment of value added products and services which concern: i) the ionospheric specification
in real time, at single-station locations (ionograms, f-plots and electron density profiles) and
whole Europe (daily plots of the effective sunspot number and ionospheric nowcasting maps
of foF2, M(3000)F2, MUF and electron density), ii) short-term ionospheric forecasting up to
24h ahead for foF2 at single-station locations and for the whole area in terms of European
maps and iii) long-term ionospheric prediction maps of foF2, M(3000)F2 and MUF for the
European area. More details on the system operation can be found in Belehaki et al., (2005;
2006; 2007).
DIAS products and services are designed to support the continuous and reliable performance
of applications that use radio propagation and are affected by space weather. In particular
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ionospheric disturbances affect mainly the following systems: the VLF-LF Communication
and Navigation, HF Communications, HF Broadcasting, OTH Radar Surveillance, Satellite
Communication, Satellite Navigation, Spaced-based Radar and Imaging. Considering the
range of applications influenced by ionospheric effects, the community of DIAS potential
users is quite extensive. The main users of DIAS are the Defense Industry, the Aviation In-
dustry (both civil and military), the Civil HF Broadcast Operators, the Upper Atmosphere
Researchers and Amateur Radio Operators
DIAS has important applications both in space weather and in the ionosphere. This is there-
fore no surprise that this project has irrigated our two actions: data and code contributors have
been suppoorted by the COST actions and in return, the efforts of COST contributors could
have a direct application thanks to the DIAS server. The DIAS chair is also vice-chair of the
COST 724 action.

Model and Reference Description
The Empirical Orthogonal Functions (EOF)
method (Dvinskikh, 1988; Dvinskikh and

Naiedova, 1989; 1991; Singer and Dvinskikh,
1991)

Global and regional long-term mapping of ionospheric characteristics.

KGRID (Bradley and Dick, 1993) Long term prediction of ionospheric characteristics over a limited
geographic area using krigging technique.

LINLAT (Bradley and Dick, 1993) Linear latitude and common diurnal variation procedure LINLAT provides
estimates of monthly median foF2 and M(3000)F2 within the PRIME area

as a function of geographic latitude and longitude, month and UT.
MQMF2R (Mikhailov and Mikhailov, 1993; 1995

; Mikhailov and Teryokhin, 1992)
The mu1tiquadric (MQ) method was first developed for world-wide

monthly median mapping but has subsequently been adapted for regional
mapping and for instantaneous mapping. Then the MQMF2R was the
COST 251 method for month1y median foF2, based on Sing1e Station

Models (SSM) and on the multiquadric method for spatial approximation.
PASHA (Predicted Adjusted Spherical Cap

Harmonic Analysis)
(De Franceschi and De Santis, 1993a, 1993b;

Bradley, 1995)

PASHA was developed during the Cost 238 action . This model is based on
the Spherical Cap Harmonic Analysis (SCHA) that is a technique for

modelling the geomagnetic field over a limited region of the Earth’s globe.

SIRM (Simplified Ionospheric Regional Model)
(Zolesi et al., 1993, 1996)

The Improved SIRM is a regional ionospheric model of the standard vertical
incidence ionospheric characteristics, evolved from the original SIRM

developed under the EU COST 238 project, and applied to a more extended
area taking into account the consequences of high latitude regions.

SWILM (Space Weighted Ionospheric Local
Model)

(Hanbaba, 1999; De Franceschi et al., 2000)

SWILM was introduced during the COST 251 action for the regional
long-term prediction of foF2 and M3000(F2) over the European area.

UNDIV (Bradley, 1995) UNDIV a method for the long term mapping of the monthly median
ionospheric chararcteristics foF2 and M(3000)F2 was first presented in the

COST238 action and then was developed during the COST251 action.
Autocovariance method (Stanislawska and

Zbyszynski, 2001; 2002)
The autocovariance method was developed during the COST271 action. It is
a statistical approach for single-station forecasting of the critical frequency

of the F2 layer (foF2).
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CORLPREV
(Muhtarov and Kutiev 1998a; 1998b; 1999)

CORLPREV was developed during the COST 251 action. The model is
based on the auto-correlation procedure applied for the short-term

prediction of ionospheric characteristics.
DERA

(Hanbaba, R. and Zolesi B., 2000)
The DERA Ionospheric Forecasting Service (IFS) neural network model

can provide predictions of the hourly variation of the ionospheric parameter
foF2 from l to 24 hours ahead. However, the operational package of the

model has been designed in such a way that it would be a simple matter to
incorporate predictive models for additional geophysical parameters into the

same framework.
Empirical modeling of global foF2 ionospheric

response to geomagnetic activity
Kutiev, I. and P. Muhtarov (2003)

The empirical model was developed during the COST 271 action. This
empirical model describes the variations of F2 region ionization induced by

geomagnetic activity .
Multiregression method

(Mikhailov et al. 1999; Marin et al., 2000)
The Multiregression method was developed during the COST 251 action.

This method is based on a multi-regression of deviation of hourly
dev(foF2) from foF2 running median with the previous observations and

Ap index
METU-NN foF2 Forecast model

(Tulunay, 1991; Altinay et al., 1997; Tulunay et
al., 2000; Tulunay et al., 2001).

The METU-NN foF2 Forecast Model is employed to forecast the
ionospheric foF2 values up to 24-hour in advance. It is a data-driven

approach applying the Neural Network (NN) based modelling.
STIF (Short-Term Ionospheric Forecasting)
(Cander, 2003; Muhtarov and Kutiev 1998)

STIF an operational tool for the European region based on continuous
monitoring of the ionosphere has been developed and is available on the

World Wide Web for interactive use
(http://www.chilbolton.rl.ac.uk/weather/tec.htm). It provides forecasts for

up to 24 hours ahead and archive measurement maps of the critical
frequency foF2, the Maximum Usable Frequency for a 3000 km range
MUF(3000)F2, total electron content (TEC) and FOT (Frequency of

Optimum Traffic) for the area of interest at an each UT hour.
IMASHA (Instantaneous Mapping Adjusted

Spherical Cap Harmonic Analysis)
(Bradley, 1995)

IMASHA was developed during the COST 238 action. IMASHA is the
same method of adjusted spherical cap harmonic analysis (ASHA)
developed for long-term ionospheric mapping and app1ied to the

instantaneous mapping of the hourly values of ionospheric characteristics
over a restricted area .

ISWIRM (Instantaneous Space Weighted
Ionospheric Regional Model)

(De Franceschi et al., 2000; Perrone et al., 2002;
Stamper et al., 2004; Pietrella and Perrone, 2005)

ISWIRM a regional model for the now-casting of the critical frequency of
the F2 layer (foF2) over Europe has been developed during the COST271

action. Inside this region the hourly values of foF2 are obtained, correcting
the monthly medians values of foF2 predicted by the space-weighted

ionospheric local model (SWILM) on the basis of hourly observations of
foF2 coming from four reference stations (Rome, Chilton, Lycksele, and

Loparskaya or Sodankyla).
K2 (Kriging 2)

(Stanislawska et al. 1995, 1996)
K2 was developed during the COST 238 action as an alternative Kriging

procedure. In particular, it was introduced a separate latitude scaling factor
which allows for differences in NS and EW correlation distances.

KGRID
(Bradley and Dick, 1993b; Samardjiev et al,

1993a).

KGRID, a computer-based procedure for instantaneous ionospheric
mapping developed by M I Dick of RAL for implementation with the NEW

ionospheric measurement data set (Bradley and Dick, 1993b), is an
implementation of the method of Kriging (Samardjiev et al, 1993a).

KIM/KIMS
(Bradley et al, 1994a; 1994c, 1995a).

Two specific instantaneous mapping procedures have been developed
known as KIM, which is based on Kriging alone, and KIMS in which
synthetic ‘screen-point’ values are added in remote areas to constrain

mappings to physically realistic figures, rather than to let these be
determined by the mathematical expressions which are optimised to the

measurement data from elsewhere.
MQMF2-IM (MultiQuadratic method with

ionospheric index MF2 for Istantaneous Mapping)
(Mikhailov et al 1994, 1995; Hanbaba 1999;

Hanbaba and Zolesi, 2000).

MQMF2-IM was developed during the COST 238(PRIME) and COST251
Action. The method MQMF2-IM was recommended for instantaneous

mapping within the PRIME area. MQMF2-IM for foF2 and M(3000)F2
uses the following: (1) Single Station Model(SSM) for foF2 and

M(3000)F2, (2) screen points inside the area, (3) effective hourly MF2eff
and R12eff indexes, (4) buffer zone, (5) main ionospheric through model

and (6) multiquadratic method for spatial approximation
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PLES (Poland PL, Spain ES)
(Stanslawska et al. 1999, 2000; Hanbaba 1999;

Hanbaba and Zolesi, 2000)

PLES was developed during COST251 action . PLES for instantaneous
values of foF2 and M(3000)F2, combines monthly median maps of

ionospheric characteristics and a set of screen points-measurements for a
single moment of time of different origin using two interpolation methods

modified for ionospheric purposes: Kriging and “fitting”.
SAIM

(Eliseyev and Besprozvannaya, 1998; Hanbaba,
1999)

SAIM was developed during the COST 251 action. The objective was to
provide maps of foF2 even in extreme situations when foF2 observations are

not available or available only from 1-3 ionosondes, using the effective
Kp-index.

SIRMUP
SIRM UPdating method

(Zolesi et al., 2004)

SIRMUP is based on the idea that real time values of foF2 at one location
can be determined from the SIRM model by using an effective sunspot

number, Reff, instead of the 12-month smoothed sunspot number, R12. The
final output from the SIRMUP now-casting method are maps of foF2 and

M(3000)F2 covering the European area from 5oW to 40oE in longitude and
34oN to 60oN in latitude.

NeQuick
(Di Giovanni and Radicella, 1990; Radicella and

Zhang, 1995; Leitinger et al., 2001)

NeQuick is a quick-run ionospheric electron density model designed for
transionospheric propagation applications. It has been developed at the

Aeronomy and Radiopropagation Laboratory of The Abdus Salam
International Centre for Theoretical Physics (ICTP), Trieste, Italy, and at the

Institute for Geophysics, Astrophysics and Meteorology (IGAM) of the
University of Graz, Austria. To describe the electron density of the

ionosphere above 100 km and up to the peak of the F2 layer, the NeQuick
uses a modified DGR profile formulation, which includes five semi-Epstein

layers with modeled thickness parameters.
NTCM (Neustrelitz TEC Content Model)

(Jakowski, 1998, 1999)
The regional TEC model NTCM was developed during the COST 251
action. Two versions of the model were developed and applied to map
construction: NTCM 1 algorithm includes fundamental ionospheric

variations and solar activity dependence. NTCM 2 version compared with
NTCM l includes additionally a geomagnetic latitude dependence term.

COSTTEC
Leitinger and Hochegger (1999)

The COST 251 model for TEC, known as COSTTEC, is based on monthly
and hourly medians of electron content derived from the Differential

Doppler effect on the signals of the polar orbiting NNSS satellites for three
solar activity interval. The medians were gained for the latitudes 45, 50, 55

and 600N from latitudinal profiles of electron content.
COST 251 recommended model COSTPROF for

the electron-density height profile
(Hanbaba, 1999; Hanbaba, R. and Zolesi B., 2000)

The COST 251 recommended model COSTPROF for the electron-density
height profile consists of two parts: 1) A bottom side model for the height

region below the F2-layer peak based on the ionospheric characteristics foE,
foF1, foF2 and M(3000)F2 and on rocket soundings. 2) A topside model for

the height region above the F2-layer peak based on O+-H+ diffusive
equilibrium with built-in maps for three parameters: the oxygen scale height

at the F2-layer peak, its height gradient and the 0+- H+ transition height.
The model is continuous in all spatial first derivatives, a necessity in

applications e.g. ray tracing and location finding.
METU-NN GPS TEC Forecast Model

METU-NN GPS TEC Forecast Map Model
(Tulunay, 1991; Tulunay et al., 2002; Tulunay et

al., 2004a; 2004b)

Highly nonlinear and complex processes in the Near-Earth Space can be
modeled by the METU-NN models, which have been developed by the
Group since 1990. The METU-NN, Neural Network, has one input one

hidden and one output layer. Levenberg-Marquardt Backpropagation
algorithms with validation stop are used for training the METU-NN. The
METU-NN GPS TEC Forecast Model is employed to forecast the Total

Electron Content (TEC) values up to 24-hour in advance.
RAL-MQP

Dyson and Bennett (1988)
Baker and Lambert (1988)
Dick and Bradley (1993)

This model composes a height profile as a combination of quasi-parabolic
(QP) and inverted QP segments. In this way, continuity of gradient is
preserved throughout all segment interfaces. The model is completely
specified by means of empirical formulations in terms of the standard

ionospheric characteristics foF2, foF1, foE, and M(3000)F2, together with a
knowledge of the solar-zenith angle.

TEC Monthly Median Mapping
(Leitinger and Feichter, 1992, 1993; Leitinger and

Spalla , 1994)

A monthly median mapping was developed during the COST 238 action
giving TEC up to a nominal height of 1000 km for the whole PRIME area.

The adopted mapping is based on the differential Doppler data sets for
Lindau/Germany calibrated with the Graz/Austria measurements and
grouped into latitude bands centred on 45, 50, 55 and 60deg. N for a

nominal geographic longitude of 15deg. E.
The Brussels Meteorogical Institute Physical

Models (DYMEK)
This is a photochemical equilibrium mid-Latitude daytime model using

Chapman function production terms and the continuity equations for
positive and negative ion production and losses (Dymek, 1989). In its initial

form vertical transport by neutral winds and diffusion was excluded.
Likewise, there was no allowance for day-to-day changes in solar EUV flux
with production taken to be governed solely by solar-zenith angle. However,

further model development (Dymek and Jodogne, 1993) has led to
incorporation of the latest MSISE-90 model of neutral composition and

temperature.
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DANILOV D-Region modeling
Danilov and Smirnova (1994)

Danilov et al, 1995

This is a model for the D-region electron density developed based in
comparisons with rocket measurements. A new four-classes model has been
formulated for day-time winter conditions with electron densities separately
given in tabular form at 5 km intervals over the 60-90 km height range for

quiet, major stratospheric warming, weak and strong winter-anomaly
conditions. The model is based on comparisons with extensive sets of rocket

measurements and takes account of two chemically distinct cluster ions
including hydrated protons. It incorporates a dependence on solar-zenith
angle X and is defined for the range X = 40-90◦. No changes with solar

activity have been detected or are included.
Prediction of the F1 layer occurrence and

L-condition
(Scotto, 1999, 1998,1997)

The critical frequency foF1 predicted by the Du Charme formula assumes
limits for the presence of the layer as a function of the solar zenith angle and
of the solar activity given by the R12 index. In the study undertaken in the
frame of COST 251, a new probability function to evaluate the occurrence
of the F1 layer and “L condition” (cases where electron density profiles on

the ionograms traces show a ledge rather than a remarkable cusp, so no
critical frequency can be assigned to the layer) was proposed.

Long-term trends of ionospheric changes
(Bencze et al., 1998; Bremer, 1998, 1999a,b;

Danilov and Mikhailov, 1998; Lastovicka, 1997).

Studies in the area dealt with long-term trends observations of different
ionospheric parameters. It has been shown that the detected ionospheric

trends are relatively small compared with the solar and geomagnetic
influences. Therefore, during the next years it is not necessary to take into

account their influences on the ionospheric HP radio propagation.
Neverthe1essthis effect has to be carefully monitored in the future.

Especially it should be noticed that the scientific problem of a possible
increasing atmospheric greenhouse effect requires further investigations.

Mainly in the F2 region the results of the trend analyses are partly
controversial and cannot be explained by the greenhouse effect.

Trough modeling (Mitchell et al., 1997) (Mitchell
et al., 1999a,b)

A new approach to modelling the trough has been demonstrated. This
method is based on a tomographic image of the ionosphere over United

Kingdom that is extrapolated to other longitudes across the European sector.
Initial results from the mapping were shown to compare well with

observations from ionosondes east of the tomography receiver chain. In a
separate study a seasonal variation has been revealed in the latitudinal

position of the trough, showing the trough to be further south during the
winter than the summer.

GISM and Hybrid Scintillation models
Beniguel, 2002

Forte and Radicella; 2002
Gherm et al., 2000; 2002

GISM model developed at IEEA uses the Multiple Phase Screen technique
(MPS). It consists in a resolution of the Parabolic Equation (PE) for a
medium divided into successive layers, each of them acting as a phase

screen.
Within the scope of the activities of COST271 relevant to the problem of

transionospheric propagation a second model for scintillation on
transionospheric links (such as employed for satellite navigation) has been
developed in co-operation between the University of St.Petersburg, Russia
and the School of Electronic and Electrical Engineering, the University of
Leeds, United Kingdom. The Abdus Salam ICTP, Italy also collaborated

with both the teams providing the experimental data on scintillation, ideas
for proper processing of the scintillation data and necessary expertise and
data on the ionosphere modeling. The developed technique is based on a

hybrid method and it is extended to combine the complex phase method and
the technique of a random screen.

LCNN LCNN makes use of a neural network to model the monthly median
ionospheric foF2 frequencies in order to establish a new long-term

prediction procedure to support radiowave propagation at frequencies above
2 MHz.

NNARX A neural network based auto-regressive model with additional inputs is one
possible approach that uses the hybrid time-delay multi-layer percepton

with only the critical frequency of the F2 layer as input parameter to
produce one output foF2 value.

The ap(τ ) model To forecast the ionospheric response to geomagnetic storms, geomagnetic
indices have been introduced taking into account their past history. One of
these is ap(?) derived with a time weighted series accumulation from the

geomagnetic planetary index ap
Definitions and limits of ionospheric variabilities Specification of the disturbed ionosphere based on a “casual” mechanism as

for instance response to geomagnetic perturbations is rather inadequate to
describe the current state of the ionosphere and plasmasphere. An

ionospheric definition could specify disturbed ionospheric conditions much
better than any geophysical since there is not a one to one correspondence.

Trough model for HF propagation assessments
(Bradley et al., 1998)

A first order trhough model is introduced to the instantaneous maps created
for HF propagation assessments, as a correction to the mapped values on the

equatorial side of the auroral oval by night. Maps of the European
ionosphere generated by means of this model demonstrate the lack of spatial
structure particularly for the higher latitudes, with consequential reasonable

smaller errors when applied to propagation assessments.
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4 Conclusion

Meteorology is not a unified discipline. It includes several very different domains. Such is
space weather. During the last years, we had this great opportunity to have two actions that
were complementary in the ESSEM domain. This has given very important deliverables in our
two actions and right support for their future developments for a mutual benefit.
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Summary. Space Weather and Europe – an Education Tool with the Sun (SWEETS) is a public out-
reach activity and funded in 2007 by the European Commission within the 6th framework programme.
SWEETS has several main elements, e.g., a space-weather-on-tour bus, a web quiz, production of a
space weather DVD, and organization of space weather science festivals and forums in Europe.

1 Introduction

Space weather is primarily an astronomical phenomenon due to solar activity and cosmic rays
but its study is by nature interdisciplinary and encompasses various fields of physics, engi-
neering, and human activity. Space weather describes the conditions in space that affect Earth
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and its technological systems. Our space weather is a consequence of the behavior of the Sun,
the nature of Earth’s magnetic field, and our location in the solar system. It is the popular name
for energy-releasing phenomena in the magnetosphere, associated with magnetic storms, sub-
storms and shocks. Space weather storms disturb satellite navigation and telecommunication,
cause satellite failures and losses, electronics failure, electricity cut-off, pipeline corrosion,
and can enhance radiation exposure to aircraft crew and passengers and to astronauts.

The purpose of Space Weather and Europe — an Education Tool with the Sun (SWEETS)
is to demonstrate the beauty and significance of the Sun, solar activities, cosmic rays and space
weather to Europe (Fig. 1). SWEETS also encompasses and supports some of the activities
of the International Heliophysical Year (IHY). The solar aspect of the space weather phe-
nomenon becomes more and more known to decision makers and to the public. The SWEETS
project aims to promote and raise public awareness by means of attractive and high quality
deliverables, e.g., a space weather mobile bus tour, web quiz, a space weather Digital Versatile
Disc (DVD), science festivals including a space weather and Earth environment technology
fair, a rocket & balloon campaign, and a space weather TV movie, during science weeks and
festivals in 27 countries all over Europe. The main space weather forum/festival will take
place during the European Science Week between in November 2007 at Schwerin castle in
Germany followed by a participation of SWEETS in the finals of the European Science Week
end of November 2007 in Lisbon.

2 SWEETS Members

SWEETS has 17 consortium members from all over Europe including Austria, Belgium,
France, Germany, Latvia, Norway, Poland, Portugal, Slovakia, and Turkey. Consortium mem-
bers are University of Greifswald (Germany), Sternwarte Greifswald (Germany), European
Space Agency, 1A–First Applications Greifswald (Germany), Technologiezentrum Vorpom-
mern Greifswald (Germany), Observatoire de Paris (France), Katholieke Universiteit Leuven
(Belgium), Center for Plasma Astrophysics, Space Research Centre of the Polish Academy
of Sciences (Poland), University of Szczecin (Poland), Institute of Experimental Physics of
the Slovak Academy of Sciences in Kosice (Slovakia), Centro de Astrofı́sica da Universidade
do Porto (Portugal), Institut für Weltraumforschung of the Austrian Academy of Science in
Graz (Austria), Deutsche Tanzkompanie Neustrelitz (Germany), Andoya Rocket Range and
Alomar Observatory in Andenes (Norway), Austrian Research Centers in Seibersdorf (Aus-
tria), Middle East Technical University Ankara (Turkey), and Institute of Astronomy of the
University of Latvia in Riga (Latvia).

3 SWEETS Activities

Main activities of SWEETS are a space-weather-on-tour media bus touring Europe, informing
about origin and hazards of space weather events, support of local science festivals on space
weather all over Europe, organization of a web quiz on space weather. Local winners will
be invited by participating institutions, the main winner was invited to a rocket launch at
Andoya Rocket Range (Norway) in August 2007, organization of a science festival on space
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Fig. 1. SWEETS logo (left) and a typical poster exhibition panel(right).

weather during the European Science Week in November 2007, an European space weather
and environment technology fair during 19-20 November 2007 in Greifswald, a space weather
planetarium show, and a space weather DVD.

3.1 Spaceweather-on-tour bus and support of local science festivals.

SWEETS is organising a space-weather-on-tour bus tour through Austria, Belgium, France,
Germany, Latvia, The Netherlands, Norway, Poland, Slovakia, and Portugal.

The bus is operated by Personenverkehr GmbH Müritz in Waren (Germany); it contains a
space weather poster exhibition (Fig. 1), an interactive exhibition including a video presenta-
tion of the first CD-ROM on space weather (Jansen and Hippler, 2002), personal computers
with near real time access to space weather observing satellites, an optical telescope and a ra-
dio telescope for solar observations by visitors. The tour through the bus is guided by different
high-level and outreach-educated European space weather scientists.

Thus far (September 2007), the space-weather-on-tour bus has made its way from Greif-
swald via Vienna, where it stopped at the Vienna International Center during the SWEETS-
supported Symposium on Radiation Exposure to Aircraft Crew due to Space Weather Effects
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Fig. 2. Space-weather-on-tour bus in fort of the Observatoire Paris at Meudon.

and the Fiftieth session of the Committee on the Peaceful Uses of Outer Space (COPUOS),
to Paris, Copenhagen, Oslo, Andenes, Riga, and Kosice back to Germany. The tour will fur-
ther continue through Poland, Belgium, The Netherlands, Austria, and Germany, ending in
Portugal during the European Science Week in November 2007.

3.2 Web quiz

SWEETS has organized a space weather web-based quiz with participants coming from all
over Europe. The main quiz winner was been invited to Andoya Rocket Range in northern
Norway in August 2007 participating in a scientific rocket launch.

3.3 Spaceweather Forum/Festival, European Space Weather and Earth Environment
Technology Fair

Sweets will organize a science festival/forum on space weather during the European Science
Week in November 2007 (Fig. 3) that includes a space weather storm dance show, a space-
weather-on-tour movie, presentation of a new space weather DVD, and video links connecting
the Muon Spaceweather Telescope for Anisotropies at Greifswald (MuSTAnG) to other space
weather observatories all over the world. The first European space weather and Earth envi-
ronment technology fair will take in Greifswald during the following days (19-20 November
2007).

3.4 DVD and Movie

SWEETS consortium will produce a space weather Digital Versatile Disc (DVD) for educa-
tion and promotion purposes. The contents of this DVD will be based on the popular and suc-
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Fig. 3. Announcement of the First European Space Weather and Earth Environment Technology Fair
2007.

cessful, space weather CD-Rom published in 2002/2003 (Jansen and Hippler, 2002). High res-
olution movies and simulations, updated new images, text and descriptions of space weather
activities will guarantee an excellent quality of the new DVD.

SWEETS is also producing a TV film about European and international space weather
activities.
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Summary. One of the primary scientific and technical goals of space weather is to produce data in
order to investigate the Sun impact on the Earth and its environment. Studies based on data mining phi-
losophy yield increase the knowledge of space weather physical properties, modelling capabilities and
gain applications of various procedures in space weather monitoring and forecasting. Exchanging tai-
lored individually and/or jointly data between different entities, storing of the databases and making data
accessible for the users is the most important task undertaken by investigators. National activities spread
over Europe is currently consolidated pursuant to the terms of effectiveness and individual contributions
embedded in joint integrated efforts. The role of COST 724 Action in animation of such a movement is
essential. The paper focuses on the analysis of the European availability in the Internet near-real time
and historical collections of the European ground based and satellite observations, operational indices
and parameters. A detailed description of data delivered is included. The structure of the content is
supplied according to the following selection: (1) observations, raw and/or corrected, updated data, (2)
resolution, availability of real-time and historical data, (3) products, as the results of models and theory
including (a) maps, forecasts and alerts, (b) resolution, availability of real-time and historical data, (4)
platforms to deliver data. Characterization of the networking of stations, observatories and space related
monitoring systems of data collections is integrated part of the paper. According to these provisions
operational systems developed for these purposes is presented and analysed. It concerns measurements,
observations and parameters from the theory and models referred to local, regional collections, Euro-
pean and worldwide networks. Techniques used by these organizations to generate the digital content are
identified. As the reference pan-European and some national data centres and bases are described and
compared with currently available data information provided worldwide and by relevant entities outside
Europe. Current, follow up and expected future European space weather observational activities and data
management perspectives in respect to European main lines of policy is the subject of the conclusions.

1 Introduction

By the definition:space weather is the physical and phenomenological state of natural space
environments. The associated discipline aims, through observation, monitoring, analysis and
modelling, at understanding and predicting the state of the sun, the interplanetary and plane-
tary environments, and the solar and non-solar driven perturbations that affect them; and also
at forecasting and nowcasting the possible impacts on biological and technological systems
(COST724 Final Report, 2007).



424 I. Stanislawska and A. Belehaki

Thus, any track of activity related to space weather (observational data collection, manage-
ment structure, modelling and prediction, definition of services) may be the subject of a uni-
fied system approach.
On the track of such approach, Geospace General Circulation Model (GGCM), a numerical
research model developed by American National Science Foundation (NSF) Division of At-
mospheric Sciences aimed at strengthening predictive capability of the dynamical and struc-
tural properties of geospace. GGCM is fully modular and progressive as the geospace system
was divided into a set of discrete but mutually interacting numerical elements, each repre-
senting either a physical domain or a boundary between domains. The system is designed to
be progressive and adaptable to new physical models and numerical techniques. The system
approach is also applicable to system measurement requirements defined as the parameters to
be measured, the location of these measurement, time and spatial resolution of the monitoring
(Hapgood, 2001); reasonable data bases construction. Historically, the different observato-
ries and institutes performed observations of characteristic parameters of Earths environment
according to their scientific research interests. However to build the marked oriented space
weather services the clear specification of product is required. Thus, the supply of differ-
ent services by selected observational data is needed and specific measurements can service
broad user interests. In effect the system of observations based on scientific knowledge of
space weather is based on space segment and related its ground support as well as ground-
based segment. Finally, the consolidated system of systems on different levels (European,
worldwide etc.) is defined.
The management of data gathered in the frame of observational system needs the different
tools. Networking of observational activities, observational grids, data exchange programs,
European area servers as well as international cooperation are implemented together to help
the decision-maker institutions manage the data dissemination. To identify and extract the
data required to generate the specified products, the broad spectrum of data assessment and
processing methods like data mining, mapping, artificial neural networks is explored. Thus,
data providers who not only distribute but also process the data stored are the important part-
ners in space weather services.
Generally, the philosophy of space weather data organisation has take into account the fol-
lowing:

• The system approach - system measurement requirements.
• The space weather data have to be integrated with other environmental European services

and data system management like GMES and INSPIRE.
• The mix-policy is applied with respect to space segment in space weather domain.
• The European space weather data management architecture has to be similar to that of

GMES.
• European Space Weather activity has to be one of the GMES service element.

2 Space weather related observation in Europe

As advanced technological systems require space weather knowledge to function efficiently,
a quantitative, predictive understanding of the complex system of systems as Earth‘s environ-
ment, is needed. The ground-based gathered space weather data have the same value as in situ
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data collected for environmental monitoring. The European space weather monitoring and
forecasting is crucial. There are the needs for a continuously operating and reliable service to
support regular society demands as well as natural hazard monitoring and risk management
operations.
In that context it is natural that space weather data have to be integrated with other envi-
ronmental European services and data system management like GMES and INSPIRE. In this
way space weather data and services will contribute to the Group on Earth Observation (GEO)
process and other relevant international initiatives. Such policies will optimize the use of data
and services, and can make them readily accessible in the most efficient and effective way to
the widest possible range of users and applications.

Ground-based monitoring of Earth environment

Many space weather parameters are measured by the astronomical and geophysical obser-
vatories. The continuous increase of such measurements will contribute towards advances in
scientific understanding and technological development. Among the practical advantages of
these ground-based measurements are their easy maintenance and upgrade and the capability
to continuously patrol a selected region of the geospace environment. The existence of long
series of archive data from ground-based observatories and stations is also very important fac-
tor.
Europe has a wealth of ground-based solar, magnetic and ionospheric measurements related
to space weather. Historically, the regularly published monthly Zurich sunspot numbers as
well as the magnetic storm information broadcasted from the Eiffel tower were the first space
weather services in the world (1928). The current European space weather resources were sur-
vey by ESA Report(Hapgood, 2001). This assessment identified some 180 resources of which
105 were related to ground measurements. These mainly focus on observations of the Sun
(23%), the ionosphere (34%) and ground-effects (37%). This activity is spread over many Eu-
ropean countries but the strongest national element is in France, Germany, Italy, Scandinavia
and the UK. A strong Pan-European element is also present and it is a good base for further
European collaboration, co-ordination and integration. The ground-based observations which
at present days are used in space research practice are:
- solar observations
- galactic cosmic rays monitoring,
- aurora and north sky observation,
- geomagnetic field registration,
- ionosonde and GPS sounding of the ionosphere.

Satellite monitoring of the Sun-Earth system

Space Segment is the important component of space weather data gathering. However, until
now the space European missions performed the ”dual use” programs: exploring and monitor-
ing solar-terrestrial space (SOHO). Thus, the space weather monitoring has to use the existing
and planed Earth exploring missions and install space experiments on the board spacecrafts
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(SWARM Earth magnetic field dedicated explorer). The appropriate satellite and orbits have to
be selected by instrument definition. Thus, in space weather domain the mix-policy is applied
i.e. whether to use the existing and planned missions, piggy back space weather instruments
on other spacecraft, or dedicated space weather missions. All three options have to be taken
into consideration in practice by space weather data providers.
Satellite monitoring of the Sun-Earth system may be shown as:
- solar monitoring (Ulysses ,Soho, STEREO)
- magnetosphere and interplanetary space (Cluster),
- ionosphere and geomagnetic field monitoring (ISS, Freja, Demeter, CHAMP, SWARM)
Analysis of the availability in the Internet near-real time and historical collections of the
European ground based and satellite observations, operational indices and parameters is the
necessary task for organizing the SW platform. The collections contain: measurements, ob-
servations and parameters from the theory and models from local, regional, European area
and worldwide. Data delivered are observations, raw and/or corrected data with well defined
resolution, description about their availability of real-time and historical data. Bases include
products, as the results of models and theory, also, as well as maps, forecasts and alerts. The
important issue are techniques used to generate the digital content and platforms to deliver
data. Some forms of delivered products, specifically if issued in the form of maps, might be
problematic due to their fast evolution and the sparseness of data in some regions (Trishchenko
et al., 2006). The forms of the deliverables should answer t o the continuously discussed with
the users issues.

3 Management of observational data useable in space weather practice

To preserve compatibility with GMES data management, it seems that European space
weather data management architecture has to be similar to that of GMES.
First of all, we have to define what elements of observational infrastructure would be similar
and to whom the services will be addressed. The observational infrastructure has to be orga-
nized in data grids, and networking of observational activities. The nodes and communication
links of the grid has to be defined.
To construct Space Weather activity as one of the GMES service element, its content will have
to be broken down into discrete ”Space Weather (SW) services” and Space weather scenarios.
SW services and SW scenarios should be identified to avoid duplication of user requirement
collection. Each ”SW scenario” has to be related to observational grid component ”nodes”
and ”links”. The role of SW data providers has to be defined as well. On the other side the
SW service providers apply data mining, statistical and physical modelling creating the SW
server for European area.

Data management architecture

The general architecture of data management can be described according to the layer structure:

• Layer 1 Data Collection
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• Layer 2 SW data standardisation
• Layer 3 SW added value product generation
• Layer 4 SW product distribution to users
• Layer 5 Product assessment by end users

Description of layers
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Networking of observational activities

Observational activity is realised by means of:

• observation grids,
• data exchange programs,

• European area servers including activity outside Europe (North and South polar regions)

• international co-operation

Some examples of the entities and organisations managering in European area and world-
wide are: ESA, EUMETSAT, ISES, Intermagnet (International Real-time Magnetic Observa-
tory Network), WDCs, COST, MM100 magnetometer network (an European magnetometer
network for geomagnetic pulsation studies), DIAS, SuperDARN, Louis/Lofar, EISCAT.

Data mining, statistical and physical modelling

The operational needs to predict the solar-terrestrial variability determined the architecture of
space weather data management. The geomagnetic and ionospheric storms, chemical compo-
sition of the thermosphere response for solar activity are usually chaotic, and it is impossible
to relate them to an simple empirical models, or much more advanced statistical and physical
ones. In this domain modelling provides additional data for operational indices and param-
eters. The understanding the cause-effect relations in this domain involve an investigation
of data gathered, methodology of data processing and specific analysis procedures. Space
weather related science research problems have to be a guide for any methods applied to inte-
grate modules and tools of numerous analysis techniques. Thus, the data mining which uses
the verity of techniques to get out the essential information from large data set is preferable
instrument to support space weather architecture target.
The example is the SPIDR-the Space Physics Interactive Data Resource, a distributed net-
work of database and application servers implementing interactive data mining technologies,
physical modeling and delivery of selected data (Zhizhin, et al., 2000). The project is devel-
oping together and locating its nodes at NGDC in Boulder as well as at Center of Geophysical
Data Studies in Moscow. The interoperation architecture of the SPIDR consists many mod-
ules which try to support the main target of the system-useful manage of solar-terrestrial data
set.
In Europe the similar tasks are developed. Some examples are elaborated within the frame of
programs conducted by the co-operational entities: EU Framework Programmes, ESA, COST,
DIAS, ISES, national agencies and organizations. The important guide for this activity are the
procedures of the International Standard Organisation (ISO) defined by the requirements con-
cerning the end products, as well as all needed input to their purchase by users. However,
leading role for European design of space weather products to serve needs of society will be
allocated to European Space Weather Portal.
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Organizations involved in the generation of digital information - general description

Some of World Data Centers (WDCs) are located in Europe, as WDC for Solar Terrestrial
Physics in Chilton operated by RAL, http : //www.wdc.rl.ac.uk/, World Data Center for
the Sunspot Index Brussels http : //sidc.oma.be/. Convenient access and management of
historical space physics data gives Russian mirror of SPIDR (Space Physics Interactive Data
Resorce) http://spidr.ngdc.noaa.gov/spidr located in (http : //clust1.wdcb.ru/spidr/). The
International Space Environment Service (ISES) http : //www.ises − spaceweather.org/
has to be mentioned here. Other European and national activities can be reached by Eu-
ropean Portal and its Navigator http : //www.cbk.waw.pl/sweurope. European organi-
zation of future SW information management is based upon the European Space Weather
Portal. Its operating modules the web pages maintenance and information management con-
sists of European Space Weather Portal (http : //gauss.oma.be/COST724/ESWWS/),
and its integral parts located at different serve rs over Europe. The actual configuration con-
sists of: model interface (http://gauss.oma.be/COST724/ESWWS/remote access/), European
space weather related web pages Navigator http://www.cbk.waw.pl/sw europe/ with its iono-
spheric and telecommunication part http://www.cbk.waw.pl/cost296/, and server for measure-
ments data and models provider (http://ca724wg1.ts.astro.it/mod data.php).

4 Conclusion

The importance of the space weather observational activities and data management is the im-
portant issue in a European Space Policy. The objective of the FP7 space work programme
is to support it focusing on applications such as GMES (Global Monitoring for Environ-
ment and Security), but also in other programmes devoted to science and to more application
oriented areas as, increasing application potential, technical development of Europe that in-
creases competitiveness of its industry, and to social sustainable development that is the base
for future existence.
In our practice - Space weather observational activities and data management according to the
EU priorities and requirements for new researches and operational issue mainly are assess-
ment of the risk after space weather phenomena, including impact on biological and technical
systems and providing appropriate services through European Space Weather Portal by all
available Pan-European and national activities.
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Summary. Space weather is at the core of several activities in various international programs and ini-
tiatives. A review of the scientific and operational objectives of the groups working on space weather
in such framework will be given. The IPY, the IHY, the eGY initiatives, and programs like ICESTAR
within SCAR, and the Theme 2 of CAWSES will be addressed. The integration of COST724 with all
other initiatives will be described, and perspectives for future better cooperation will be outlined, in
order to achieve maximum synergy.

1 Introduction

Several initiatives have been recently taken by several scientific organisms, to celebrate the
50th anniversary of the International Geophysical Year (IGY, http://www.nas.edu/history/
igy/). The IGY was declared when ICSU, the International Council of Scientific Unions, in
1952 proposed a comprehensive series of global geophysical activities to span the period July
1957-December 1958. The IGY was modelled on the International Polar Years of 1882-1883
and 1932-1933 and was intended to allow scientists from around the world to take part in a
series of coordinated observations of various geophysical phenomena. Although representa-
tives of 46 countries originally agreed to participate in the IGY, by the close of the activity,
67 countries had become involved. The IGY was initiated as a worldwide event, to observe
geophysical phenomena and to secure data from all parts of the world; to conduct this effort
on a coordinated basis by fields, and in space and time, so that results could be collated in a
meaningful manner. Its main goal was to learn more about the Earth’s fluid envelope - its at-
mosphere and oceans - at all heights and depths. This type of research demanded widespread
coordinated observations. The IGY was the scenario upon which various history making steps
were taken: most eminent of which was the launch of the first artificial satellites. The IGY
satellites carried simple instrumentation, with respect to the sophisticated payloads that mod-
ern missions carry into space; they were low orbit satellites, and nevertheless led to discov-
eries of relevance to science, and in particular to ”space weather”; the radiation belts were
discovered (Van Allen is reported to have said: ”Space is radioactive!). These are so impor-
tant to space weather effects that we may say that the main result of the first artificial satellites
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was crucial to the very establishment of the scientific discipline of space weather. The Special
Committee for the IGY became the model on which three post-IGY Scientific Committees de-
veloped, for Antarctic (SCAR), Oceanic (SCOR), and Space Research (COSPAR). The IGY
encompassed eleven research fields of the Earth sciences: aurora and airglow, cosmic rays,
geomagnetism, gravity, ionospheric physics, longitude and latitude determinations (precision
mapping), meteorology, oceanography, seismology and solar activity. We can see that five out
of eleven had to do with subjects that we would now label as ”elements of space weather”.
The programs aimed at celebrating the 50th anniversary of the IGY take different names de-
pending on the attitude of the initiators of the different initiatives, and concentrate on different
regional territories to which the initiative is devoted, or to the specific technology called upon
by the initiative itself. We will see that the various celebrations are aimed at a very much more
extended series of scientific objectives than the IGY. In the following the initiatives will be
described and the regions or technologies highlighted will be detailed.

2 IPY (http://classic.ipy.org/about/)

It is to be noted that the IGY started out as the 3rd International Polar Year, and developed
into a research effort that was directed to the whole world. It had anyhow much to do with the
continent of Antarctica. A notable political result founded on the IGY was the ratification of
the Antarctic Treaty in 1961. The IPY, the fourth International Polar Year, was initiated as a
proposal of SCAR to ICSU, eminently on the grounds that SCAR recognizes the importance
of the IGY in advancing Antarctic research. The International Polar Year, i.e. the 4th Polar
Year, is a large scientific programme focused on the Arctic and the Antarctic. The IPY is or-
ganized through the International Council for Science (ICSU) and the World Meteorological
Organization (WMO). In order to have full and equal coverage of both the Arctic and the
Antarctic, IPY 2007-8 covers two full annual cycles from March 2007 to March 2009 and
will involve over 200 projects, with thousands of scientists from over 60 nations examining
a wide range of physical, biological and social research topics. It is also an unprecedented
opportunity to demonstrate, follow, and get involved with, cutting edge science in real-time.
It is envisioned that the International Polar Year (IPY) 2007-2008 will be an intense, inter-
nationally coordinated campaign of research that will initiate a new era in polar science. IPY
2007-2008 will include research in both polar regions and recognise the strong links these
regions have with the rest of the globe. It will involve a wide range of research disciplines,
including the social sciences, but the emphasis will be interdisciplinary in its approach and
truly international in participation. It aims to educate and involve the public, and to help train
the next generation of engineers, scientists, and leaders. The International Council for Science
(ICSU) formally agreed to establish an International Polar Year in 2007-2008 and formed an
International Planning Group to direct the development of an IPY programme. The World
Meteorological Organization (WMO) agreed to co-sponsor the Polar Year with ICSU and
contributed to the Planning Group activities in 2003-2004. In September 2004 the Planning
Group completed its brief and handed over leadership of the Polar Year planning to the ICSU-
WMO Joint Committee. The IPY has been designed ever since the beginning around several
themes of focus:
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1. To determine the present environmental status of the polar regions by quantifying their
spatial and temporal variability.

2. To quantify, and understand, past and present environmental and human change in the
polar regions in order to improve predictions.

3. To advance our understanding of polar - global interactions by studying teleconnections
on all scales.

4. To investigate the unknowns at the frontiers of science in the polar regions.
5. To use the unique vantage point of the polar regions to develop and enhance observatories

studying the Earth’s inner core, the Earth’s magnetic field, geospace, the Sun and beyond.
6. To investigate the cultural, historical, and social processes that shape the resilience and

sustainability of circumpolar human societies, and to identify their unique contributions
to global cultural diversity and citizenship.

The number of scientific disciplines involved in the IPY is clearly much larger than during the
IGY, extending to social aspects, and including astronomy and astrophysics, as an example of
disciplines that were not focussed on by the IGY. The proposals aimed at conducting research
in the framework of the IPY have been written in the spirit of the themes listed above. After
an initial period of expression of interest, and the presentation of the formal proposals, the
Organising Committee has grouped them under the various themes, and several proposals have
accepted the suggestion to be merged into more complete clusters, which are now officially
recognised as the ”IPY research activities”. They are shown in the ”honeycomb diagram” in
Fig. 1.

3 IHY (http://ihy.gsfc.nasa.gov/)

The International Heliophysical Year carries in its title the word ”Heliophysical”: A broad-
ening of the concept ”geophysical,” extending the connections of the Earth to the Sun & to
interplanetary space. On the 50th anniversary of the International Geophysical Year, the 2007
IHY activities will build on the success of IGY 1957 by continuing its legacy of system-wide
studies of the extended heliophysical domain. Approaching its 50th anniversary, NASA has
established an extensive suite of spacecraft and observatories, our ”Great Observatory,” which
places mankind on the verge of a system-wide understanding of the entire interconnected he-
liophysical system. Fifty years after the IGY, the world’s science community will again come
together for an international program of scientific collaboration: the International Heliophysi-
cal Year (IHY) 2007. As we approach the limit of human exploration and prepare for human-
ity’s first encounter with interstellar space, we have expanded our concept of ”geophysics” to
embrace other planets, interplanetary space, and the Sun itself. The term ”heliophysical” is
an extension of the term ”geophysical,” where the Earth, Sun & Solar System are studied not
as separate domains but through the universal processes governing the human realm of space.
The IHY has three primary objectives:

• Advancing our Understanding of the Fundamental Heliophysical Processes that Govern
the Sun, Earth and Heliosphere.

• Continuing the tradition of international research and advancing the legacy on the 50th
anniversary of the International Geophysical Year.
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• Demonstrating the Beauty, Relevance and Significance of Space and Earth Science to the
World.

The five IHY Science Themes are:

Theme 1 Evolution and Generation of Magnetic Structures and Transients.
Theme 2 Energy Transfer and Coupling Processes.
Theme 3 Flows and Circulations.
Theme 4 Boundaries and Interfaces.
Theme 5 Synoptic Studies of the 3-D Coupled Solar-Planetary-Heliospheric System.

4 eGY (http://www.egy.org/)

The electronic Geophysical Year (eGY) (2007-2008) is an initiative of the International Union
of Geodesy and Geophysics and it is led by the International Association of Geomagnetism
and Aeronomy (IAGA), conceived to celebrate the 50th anniversary of the International Geo-
physical Year (1957-1958). In fact, eGY embraces and extends the IGY principles by pursuing
the following goals in the framework of data and information handling via a cooperative in-
ternational efforts:

• International cooperation and data sharing.
• Universal access to data and information.
• Timely and convenient access to data.
• Global, cross-disciplinary scope.
• Data preservation.
• Capacity building, especially in developing countries.
• Education, public outreach, information for decision making.

The role of eGY is aimed at facilitating, encouraging and promoting:

• Modern data access and services (“e-Science for Geoscience”).
• Responsible data stewardship.
• Cooperation among bodies/initiatives to reduce duplication and proliferation of standards,

and share expertise.
• Establishment of virtual observatories throughout the geosciences.
• Establishment of criteria to determine optimal and minimum funding for data activities

supporting research.

eGY also serves to provide a link between programs with related data and information
requirements - IPY, IHY, Planet Earth, and initiatives such as GEOSS (Global Earth Observ-
ing System of Systems; http://www.epa.gov/geoss/). The eGY activities are managed by a
Secretariat, an International Committee promotes and liaises with worldwide interested orga-
nizations and individuals and five thematic Working Groups are devoted respectively to the
following topics:

• Virtual Observatories.
• Data Integration & Knowledge Discovery.
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• Best Practice (joint with CODATA, Committe on Data for Science and Technology,
http://www.codata.org).

• Data Rescue and Preservation.
• Education and Public Outreach.

5 ICESTAR (http://scar-icestar.org/)

ICESTAR (Interhemispheric Conjugacy Effects in the Solar Terrestrial and Aeronomy Re-
search), is a research program approved and supported by SCAR (the Scientific Committee
for Antarctic Research). It concentrates efforts in the analysis of solar terrestrial interactions
as observed from Antarctica. It focuses on scientific objectives that stem from the assumption
that near-Earth space (geospace) is an integral part of the Earth system, providing the material
link between the Sun and Earth, primarily through the polar regions. A goal of the ICESTAR
Programme is to create an integrated, quantitative description of the upper atmosphere over
Antarctica, and its coupling to the geospace environment. The research program is organised
around several Thematic Action Groups (TAGs) as follows:

TAG A Quantification of the coupling between the polar ionosphere and neutral atmosphere
from the ”bottom-to-top” and the global electric circuit.

TAG B Quantification of the inner magnetospheric dynamics using remote sensing tech-
niques.

TAG C Quantification of the state of the upper atmosphere, ionosphere, and magnetosphere
over the Antarctic continent and how it differs from the Northern hemisphere during a
wide range of geophysical conditions.

TAG C.1 Quantify the atmospheric consequences of the global electric circuit and further
understand the electric circuit in the middle atmosphere as guided by the electric fields
generated at the solar wind-magnetosphere interface. Contact: Nikolai Østgaard (Univer-
sity of Bergen, Norway).

TAG C.2 Quantify the thermal and dynamical structure of the middle and upper atmosphere
over the Antarctic continent and how it differs from the Northern hemisphere during a
wide range of geophysical conditions. Contact: Scott Palo (University of Colorado, USA).

TAG D Creation and management of the data portal to enable the ICESTAR programme and
SCAR’s SSG/PS.

6 CAWSES (http://www.bu.edu/cawses/)

CAWSES (Climate And Weather in the Sun Earth System) is an international program spon-
sored by SCOSTEP (Scientific Committee on Solar-Terrestrial Physics) established with an
aim of significantly enhancing our understanding of the space environment and its impacts
on life and society. The main functions of CAWSES are to help coordinate international ac-
tivities in observations, modelling, and applications crucial to achieving this understanding,
to involve scientists in both developed and developing countries, and to provide educational
opportunities for students of all levels. The work of the CAWSES program is organised in



International Years Initiatives and COST Action 724 437

four research themes, of which Theme 2 is especially close to the objectives of COST 724. In
the following the titles of the four themes are listed. The specific objectives of Theme 2 are
also reported, since Theme 2 is the closest to the objectives of COST 724:

Theme 1 Solar Influence on Climate.
Theme 2 Space Weather: Science and Applications: ”Space Weather” is a term that encom-

passes the science and applications arising from short-term variations of the Sun, propa-
gation of energetic particles and electromagnetic emissions through interplanetary space,
and effects on technology and humans orbiting in geospace and on the Earth’s surface.
It includes rapid phenomena such as solar flares and coronal mass ejections, effects of
shock waves at the magnetosphere, short-lived magnetic substorms at auroral latitudes
and longer-lasting global magnetic storms, as ell as large and small scale ionospheric
structures driven by internal atmospheric processes. These can affect satellites and hu-
mans in orbit, interrupt telecommunications, and degrade power distributions systems.
The goals of the project are to develop dependable, robust deterministic end-to-end mod-
els that predict conditions in geospace from a quantitative understanding of the observed
phenomena including multi-scale coupling between different plasma regions of the Sun-
Earth system. A desired outcome will be identification of critical inputs to specify the
geospace environment to minimize impacts of solar disturbances and geomagnetic storms
on technology, human society, and all life.

Theme 3 Atmospheric Coupling Processes.
Theme 4 Space Climatology.

7 Connections with COST 724 and perspectives for the future

COST 724 has progressed without connections, at least explicit connections, to the other pro-
grams. This approach is justified in the initial steps of the COST 724 action, which has now
established itself as a core activity of the countries that have signed the agreement, mostly Eu-
ropean countries. It will be necessary and appropriate that efforts are spent towards connecting
much more closely in the future, between European efforts and international initiatives. The
individual, innovative approach taken by COST 724 will greatly benefit from parallel initia-
tives with the other programs, which are internationally broader. This connection is favoured
by the evolution of the other programs, which are close to being renewed by the relevant
institutions, SCOSTEP in the first place (CAWSES is going to be completed in 2008, and
SCOSTEP is examining the continuation into a ”CAWSES2” program). A different connec-
tion may be sought with IPY, eGY and IHY, which are a burst of activities to be completed
by February 2009. The legacy of these programs will result in extensive data analysis phases,
after the official end of the field initiatives that are active during the Years themselves. Con-
nection to the official programs that will result will be of utmost importance for COST 724
and the activities that will follow in the European framework.

Acknowledgements: The text in this presentation is largely drawn from the web pages of
the various programs, and from the web sites of the institutions that maintain them. This work
has been carried out in the framework of COST Action 724 WG4.
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Summary. We present a first attempt aimed at building an ontology for Space Weather based on a
graphical representation of knowledge. For this purpose, the IHMC Concept Maps sofware toolkit was
used as a quite flexible and effective development environment. The preliminary set of Concept Maps is
shown and briefly commented as well as the future perspectives.

1 Introduction

A clear definition of the concepts relevant to Space Weather and its operational field is needed
due to many conceptual ambiguities introduced by the common practice. Therefore the con-
struction of an ontology is the appropriate way to solve ambiguities, to emphasize relation-
ships and to set the basis for defining a Space Weather knowledge model. In Section 2 we
outline a semantic model for knowledge and in Section 3 we explain how knowledge can
be represented in graphical form by Concept Maps. In Section 4 we define the foundation
ontology and in Section 5 we outline the Space Weather ontology building process and we
comment the basic Cmaps. The conclusions are drawn in Section 6.

2 A Semantic Model for Knowledge

A semantic model for knowledge is based on a set of propositions, each one expressing the
relationship between concepts. A concept is a pattern of regularities in objects which are
descriptive knowledge elements. A relationships is a logical action link, i.e., an inferencing
knowledge element. It is therefore possible to graphically represent a certain knowledge on a
topic or sub-topic by drawing a graph with blocks connected by lines to describe the relevant
propositions. A similar representation is defined as a Concept Map (Cmap) (Messerotti (2002)
and references therein).

3 Representing Knowledge via Concept Maps
The knowledge representation outlined in the previous section can be achieved by constructing
Cmaps as graphical schemes of knowledge in organized form. Various software tools exist for
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this purpose, but we claim that the most user-friendly and, at the same time, the most advanced
for its capabilities to export knowledge in machine-readable format is the Cmap Tools Knowl-
edge Modelling Kit, a multi-platform client developed by the Institute for Human and Ma-
chine Cognition (IHMC, Florida, USA) that allows the interactive drawing of a Cmap and its
eventual publication on a local or remote Cmap server. In the latter case, the published Cmaps
become accessible: (a) at human level via a conventional web client (like e.g. Microsoft In-
ternet Explorer or Mozilla Firefox) for reading only or for remote collaborative editing upon
authentication; (b) at machine level via specific web services for knowledge manipulation, as a
Cmap can be parsed and exported as an XML file which codes the concepts and their relation-
ships (Messerotti, 2006, 2007). This software tool is freely available for non-commmercial
purposes and can be downloaded upon registration at the URL http://cmap.ihmc.us/. A Cmap is
a quite flexible representation as external resources such as other Cmaps, hyperlinks, scripts, etc, can be
associated with concepts, so that a set of Cmaps published on a Cmap server can be navigated to explore
the coded knowledge.

For the publication of the Cmaps developed in the framework of CA724, a dedicated Cmap server
was installed and active at the INAF-Astronomical Observatory of Trieste. It is reachable at the URL
http://imhotep.oats.inaf.it:3000/.

A sample Cmap is shown in Fig. 1. By selecting an adequate layout, the vertical location of the
concept blocks with respect to each other can rank the conceptual hierarchy in terms of inclusivity,
being the most inclusive concepts at the top of the graph and the less inclusive ones at the bottom.
Similarly, the relative horizontal location can be associated with the generalization level. The adoption
of such layout schemes is not mandatory and it depends on the specific nature of the Cmap, i.e., on the
knowledge framework it describes.

4 Definition of a Foundation Ontology

An ontology describes the knowledge on a general subject (foundation ontology) or on a specific topic
(domain ontology) and it is the formulation of a conceptual scheme about e.g. a domain that is con-
structed by:

• Defining the precise meaning of domain entities (Semantics).
• Identifying the relationships between entities (Associativity).
• Stating the rules between entities and set of entities (Operativity).

The formulation of a foundation ontology for Space Weather is needed for a series of reasons:

• There is no clear definition of the terminology and many ambiguities exist.
• There is no clear definition of the physical domains.
• The interrelationships are defined only on a fragmentary basis and are typically limited to sub-

domains. 1item The development of Semantic Virtual Observatories need the existence of ontolo-
gies to incorporate the relevant knowledge models and to properly operate knowledge handling and
knowledge discovery on data sets.

5 Ontology of Space Meteorology

For the reasons considered in the previous section, we preliminarily started the process of building a
foundation ontology for Space Weather (Messerotti, 2007) by: (a) identifying the elementary concepts
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Fig. 1. Cmap that defines the domain of Space Meteorology

according to the available knowledge and performing a careful analysis of the related terminology to
define the semantics ; (b) identifying the relationships among elementary concepts according to the
available knowledge of the underpinning physics, that characterize the associativity and (c) stating the
rules between concepts and set of concepts to define the operativity framework.

The Cmap at the highest generalization level, which describe the basic definitions of Space Weather
and Space Climate according to their operational framework, is shown in Fig. 1. A terminology issue
becomes immediately evident and it is related to the term ”Space Meteorology”, which is used with
different meanings in different contexts. In fact, it can be interpreted e.g. either in terms of ”terrestrial
meteorology from space” or ”meteorology of space”. We claim that a detailed analysis of the semantics
leads to the selection of the second meaning for close analogy with the terrestrial meteorology, whereas
the first meaning, notwithstanding its large use in some scientific communities, should be rejected in the
construction of the foundation semantics, which has, in fact, the role to operate disambiguation where
needed as in this case. In fact, a fundamental rule is that the common use of a term cannot bias its
correct definition in a domain, as this would propagate throughout the whole domain semantics having
eventually unpredictable conceptual side effects.

Definition of outer space, whose physical conditions are studied by Space Meteorology, and its phys-
ical environments (galactic, local and interplanetary) with their own population properties is reported in
Fig. 2.

Fig. 3 shows the typical drivers which characterize the physical state of space at different spatial
scales.

Fig. 4 shows the typical timescales on which the drivers are known to operate.
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Fig. 2. Cmap that defines the outer space and its physical constituents

Fig. 3. Cmap that show the intrinsic, inner and outer drivers of the physical state of space

Fig. 5 details the typical impacts of space climate and Space Weather with special attention to the
physics of the living matter. In particular, the technological and environmental effects of Space Weather
are categorized in Fig. 6, which shows the relevant entities of Fig. 5 at a higher level of detail.

6 Conclusions

We described the preliminary work carried out to build a foundation ontology for Space Weather based
on a careful analysis of the domain terminology and of the physical framework. The use of IHMC
Cmaps proved to be an appropriate choice both for organizing the relevant knowledge in graphical form



Concept Maps for a Space Weather Ontology 443

Fig. 4. Cmap which describe the typical timescales

Fig. 5. Cmap of space climate and Space Weather impacts

via a multi-platform, flexible software tool and for making coding this knowledge in a machine-readable
format suitable to be processed in a VO environment. The main aim was to clearly set the definitions and
the operational and physical domains as a first step towards a Space Weather ontology and to the building
of a Space Weather knowledge model. The first set of Cmaps has been publishing on a dedicated Cmap
server in order to share them and to stimulate their fine tuning and their extension by the Space Weather
community. A significant amount of work has anyway to be performed as a joint, multi-disciplinary
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Fig. 6. Cmaps of space climate and Space Weather with a higher level of details

effort to consolidate the ontology to an operational level, which is a must for the incorporation in new
generation semantic applications.

Acknowledgements: This work has been carried out in the framework of COST Action 724 and
it has been partially supported by the Italian Space Agency (ASI) under contract ”Analisi dati sole e
plasma”, WP 2700 - SOHO/Ground based joint analysis.
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1 Conclusion

European institutes active on space physics have a long tradition on monitoring and modeling space phe-
nomena leading to space weather effects. The contribution of these institutes to advance our knowledge
in space research was often pioneering. Nevertheless until recently there was a total lack of coordination
of research activities in the field of space weather phenomena monitoring, model and prediction in Eu-
rope causing several barriers in the transformation of the European know-how to space weather products,
required by the users’ community, including the European industry. On the other hand related activities
in the US have been systematically coordinated and supported by national funding agents. COST Action
724 “Developing the scientific basis for monitoring, modeling and predicting Space Weather” achieved
to coordinate, for the first time, the existing national activities in Europe with the involvement of 28
countries. Over the last four years, COST Action 724 established a strong European community around
space weather, through the organization of working meetings, management committee meetings, regu-
lar workshops and international conferences (European Space Weather Week), international schools and
important publications in books, special issues and peer review journals. In addition, COST Action 724
developed the first prototype of the operational pan-European Space Weather Portal that offers access to
the most important space weather servers operated by European research institutes and Regional Warn-
ing Centers and hosts multi-lingual public outreach pages.
Within the Action’s life time significant progress has been achieved on fundamental topics related to
the deeper understanding of physical processes underpinning space weather and to their modeling and
prediction, through the activities performed by the three working groups of the Action.
Working Group 1 was active on monitoring and prediction of solar activity. Important contributions have
been made on the identification, analysis and development of models relevant to solar activity as driver
of Space Weather effects. The available information is organized in concept maps for deeper under-
standing of the interrelationships. Finally an extensive work has been carrying out for the definition of
a foundation ontology of Space Meteorology to properly define the concepts of Space Weather, Space
Climate and their drivers in the broadest scientific context.
Working Group 2 was focused on the studies related to the Earth’s radiation environment and its effects
on the magnetosphere, ionosphere, atmosphere, technological systems and human health. Important con-
tributions have been made, including: the development of a comprehensive model of the interaction of
cosmic rays (CR) of solar and galactic origin with the Earth’s magnetosphere; studies of interactions of
the CR particles with the Earth atmosphere and validation of CR induced ionization models, applicable
to different heights in the atmosphere; development of a Real Time Database of Neutron Monitor Obser-
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vations; development of probabilistic models of Solar Energetic Particle fluxes and fluences as well as
SEP event forecasting models; development of techniques and instrumentation for using CR intensities
and anisotropies for forecasting large space weather events; satellite measurements of plasma waves and
neutral and charged-particle radiation in the ionosphere, magnetosphere and solar wind; development
of models for trapped particle radiation and its interaction with the magnetospheric plasma waves were
developed; investigation of the effects of space radiation on human health by carrying out an exten-
sive campaign of dose measurements at spacecraft and aircraft altitudes; review of radiation effects on
technology on-board spacecraft and compilation of a list of reported spacecraft anomalies due to space
weather events.
Working Group 3 has focused on analyzing, modeling and predicting the physical response of geospace
(comprising the Earth’s magnetosphere, the ionized and neutral atmosphere and the ground) to certain
types of solar disturbances, primarily CME. This involved modeling the evolution of transient events
(ICME and SEP) through interplanetary space and their interaction with the Earth environment. Plasma-
physical models of the propagation of CMEs on various background solar wind categories have been
developed using an MHD concept. The dynamics of the magnetosphere-ionosphere system in response
to the arrival of bursty solar events has been modeled, the variable state of the magnetosphere dur-
ing geomagnetic storms has been modeled physically and empirically, and physical models describing
the dynamics of the thermosphere (neutral and ionized) have been developed, including the impact of
geomagnetic storms on the thermosphere. Semi-empirical models of solar wind-geospace interaction
(mostly based on a neural network approach) have been developed with the objective to facilitate the
construction of operational space weather forecast schemes (concentrating on geomagnetic activity fore-
cast).
In order to fulfill the objectives of this COST Action for the coordination of the European effort in the
development of space weather services, several activities were carried out in the frames of Working
Group 4 leading to the development of the first prototype version of the European Space Weather Web
Portal (ESWWP) reached in the address http://www.spaceweather.eu. This Portal provides access to the
following facilities: a) an archiving facility that has been set up, for the interactive storage, search and
retrieval of the available models with a full description and references and of data information via a
united web interface, b) a catalogue devoted to the European web sites related to space weather, c) a
model interface web portal, which provides access to a prototype implementation of remote model and
data base access tools.
The Action’s results had strong impact in the European scientific scene. The Action achieved to demon-
strate to the decision makers in Europe that space weather phenomena and their effects have scientific
and societal impact that needs to be taken into account in order to have reliable technological systems op-
erated in space and to secure the modern society from potential problems due to space weather (i.e elec-
tric power failures, health problems due to radiation effects, communication and broadcast problems).
This is a requirement not only because European researches deserves systematic support to achieve sci-
entific advances in this field that will lead to reliable space weather services but also because Europe has
to meet the challenge of the US space research and industrial development.

2 The way ahead

The heightened sensitivity of increasingly sophisticated technology to fluctuations in the solar-terrestrial
environment and the effects of the radiation environment in humans’ health makes it increasingly impor-
tant to be able to forecast adverse conditions, or analyze the features of the disturbed system that cause
operational problems. In the next future, the European space weather community ought to concentrate
on the following issues:
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• Systematic studies for the definition of space weather products that meet the needs of the industry
• Development of models for reliable space weather products and their on line implementation
• Development of strong links with the industry including the European Space Agency
• Coordination of existing national efforts for space weather prediction and development of strong

links with the Regional Warning Centers
• Development of coordinating activities with related US organizations and laboratories through joint

research activities, joint special observational campaigns, organization of joint international schools
and workshops.

COST Action 724 created the space weather European community, bringing together more than 60
experts on space weather. It is now our aim to develop further stronger links between the European
researchers, the industry and the US laboratories in order to transfer our knowledge to space weather
products and services useful for our society.




