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Outline
•  CME structures

•  Sheath regions 

•  Flux ropes

•  Future challenges to predict geomagnetic response of coronal mass ejections 
(long-term predictions)



A CME has two main geoeffective structures that have 
fundamentally different origin, distinct solar wind 

characteristics and different magnetospheric responses
(e.g., Huttunen et al., 2002; http://adsabs.harvard.edu/abs/2002JGRA..107.1121H; Yermolaev et al., 

JGR 2013; Kilpua et al., 2015; http://adsabs.harvard.edu/abs/2015GeoRL..42.3076K)

CMEs drive majority of intense 
space weather disturbances



Main CME substructures
(many studies do not separate)

•  ejecta (often a flux rope)
     - smooth changes
     - erupted  solar flux rope

� different ways to predict their
     properties

•  sheath region
     - turbulent, compressed
     - overlying coronal arcades
     - pile-up & expansion sheath

A CME has two main geoeffective structures that have 
fundamentally different origin, distinct solar wind 

characteristics and different magnetospheric responses
(e.g., Huttunen et al., 2002; http://adsabs.harvard.edu/abs/2002JGRA..107.1121H; Yermolaev et al., 

JGR 2013; Kilpua et al., 2015; http://adsabs.harvard.edu/abs/2015GeoRL..42.3076K)
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Figure 2. Kp- and Dst-indices for all intense storms (Kpmax ≥ 7− or Dstmin < −100 nT) during
1997–2003 that we could associate clearly with a sheath region (asterisks) or with a magnetic cloud
(crosses). The rectangles identify storms that did not fulfil the intense storm condition: Kp ≥ 6− over
three 3-h intervals, by Gosling et al. (1991).

cloud field does not cause the same effect on the high-latitude current systems but
strengthens the large-scale magnetospheric convection which leads to ring current
build-up and enhanced Dst-effect. Note that this is not an either-or question, as we
deal with relatively large storms where both ring current and auroral current systems
are activated. The large-scale convection also enhances the auroral currents. In fact,
we have not encountered Dst-storms without significant high-latitude activity but
there are examples of Kp-storms with very weak Dst-response. Several examples
of this are seen in Figure 2.

Gosling and McComas (1987) suggested that the draping of the magnetic field
lines around the ejecta could cause prolonged periods of southward IMF, which
might be an important factor in simulating geomagnetic activity. The importance
of the sheath regions as efficient storm drivers was demonstrated by Tsurutani
et al. (1988), but their significance not been widely appreciated before the more
extensive analyses of in situ observations from solar cycle 23 (Wu and Lepping,
2002; Huttunen et al., 2002).

Huttunen and Koskinen (2004) showed that 45% of 53 intense (Dst < −100 nT)
storms were caused by a sheath region (i.e., the sheath caused at least 85% of the
Dst depression). When the threshold was changed to Dst < −150 nT, already 60%
of the remaining storms were sheath-driven (Figure 3). The number of events is too
small to make statistical conclusions of this feature, but the study clearly shows the
importance of sheath regions as storm drivers.
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A) low-inclined flux ropes
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- dominant type changes with solar cycle (Bothmer and Schwenn, 1998; Li et al., 2011)
- space weather predictions needs to know type for individual events
- both storm timing and storm magnitude (sequence important also!)
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ambient solar wind modifies greatly the 
response!
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CME flux rope type decisive for space weather response



B) high-inclined flux ropes

Bz:((
North((N)(

Bz:((
South((S)(

-  N-type flux rope not geoeffective, S-type FRs produce strong storms
    (Huttunen et al., 2005  http://adsabs.harvard.edu/abs/2005AnGeo..23..625H
     Kilpua et al., 2012)

� determination of the FR-type decisive!
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BUT sheath alone may drive a major storm
even in a case of N-type flux rope!

CME flux rope type decisive for space weather response



How to predict flux rope structure in advance?
      -  indirect proxies from remote sensing observations based on erupting filament details, 
          coronal arcades, and X-ray sigmoidal structures etc. [e.g., Pevtsov et al., 1997; 
          McAllister, 2001; Kliem&Green, 2014]. However, in fragmented use
      -  no systematic statistical studies connecting solar and in-situ observations
      -  data driven simulations key as their determine flux rope structure self-consistently

At UH we are working on this by combining both data-driven simulations and 
observations + in-situ validation

chirality, axial field direction, axis orientation,  magnetic flux

using similar approaches employing data from the upcoming ESA Solar Orbiter spacecraft. The knowledge 
of magnetic structure of erupting CMEs is also crucial information for CME initiation models, and 
therefore for understanding the physical processes that trigger and drive the eruptions. The project 
opens new horizons for several important future studies, e.g., using the simulation tool for analysing 
interacting CMEs, which are known to drive the largest space weather storms, as well as for analysing CME 
magnetosheaths. We also aim to couple our simulation with EUHFORIA, a novel European heliospheric 
MHD simulation for space weather prediction currently under development at UH and KU Leuven.  Such a 
coupling will enable Sun–to–Earth modelling of CMEs with unprecedented detail. 
 
The main societal impact of the project lies in its potential to significantly improve the quality of long-
lead time space weather forecasts, and therefore, it contributes to protecting the space- and ground-based 
assets of the modern society including satellites in orbit, high-voltage power networks, natural gas pipeline 
networks, space-based telecommunications, broadcasting, and systems utilizing navigation and positioning 
applications. Presently, reliable information on CME magnetic fields are obtained only about half an hour 
before the eruption impacts the Earth, i.e., significantly less than the warning times of at least a day required 
by industrial space weather customers. The ability to model the magnetic field in the corona based on solar 
observations will thus be a major service to space weather forecasters. Space continues to fascinate large 
audiences, and we will actively disseminate our results for a wider public (e.g., through public outreach 
events and lectures, variety of media, including social media).  
 
A2 PREVIOUS RESEARCH OF THE TEAM 
 
The space physics team at University of Helsinki (UH) has about 15 years of experience in studying CMEs. 
In the early phase we focused on the role of CMEs as drivers of magnetospheric storms [e.g., Huttunen et al., 
2002; 2005; Koskinen and Huttunen, 2006], While we are still actively working on these problems [e.g., 
Kilpua et al., 2013a], our emphasis has recently moved more toward the main challenge of the present 
project. In particular our recent progress in coronal MHD simulation development [Pomoell et al., 2012; 
2015], in modelling the magnetic properties of interplanetary CMEs [Isavnin et al., 2011], CME early 
evolution [Kilpua et al, 2009; 2014], and the evolution of 3-dimensional CME geometric parameters from 
Sun to Earth [Isavnin et al., 2013; 2014] gives us a very strong background for the present study. Our 
currently active projects complement the proposed project. E. Kilpua is the local team leader in the EU FP7 
project HELCATS (1.4.2014 – 31.3.2017, led by Prof. Richard Harrison, Rutherford Appleton Laboratory, 
UK) that focuses on cataloguing and analysing CMEs using white-light heliospheric imagers. E. Kilpua is 
also leading the work at UH in the Academy of Finland funded SWIFT (Solar Wind Fluctuations and 
Magnetosheath Transport; SWIFT) Consortium together with Prof. Tuija Pulkkinen (Aalto University) that 
focuses on processes in the near-Earth space. 
 
The UH 3-year Grant Project has started smoothly. 
Jens Pompell (Section A3) has developed an initial 
version of the MFM simulation (Figure 1) and during 
the summer 2015 our summer trainee Erkka Lumme 
has implemented methods for estimating photospheric 
electric fields using sequences of SDO line-of-sight 
and vector magnetograms. The photospheric electric 
fields are a critical input used in the data-driven MFM 
simulation.  We have also a PhD student Erika 
Palmerio funded through the Magnus Ehrnrooth 
foundation working on observational studies of the 
characteristics of pre- and post-eruption structures, 
which can be used for validating the coupled 
simulation tool and provide an alternative, 

complementary method for estimating the magnetic 
structure of erupting coronal fields.  
 
 
 
 

Figure 1. First results of the MFM simulation 
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BUT!
Even if the eruptive flux rope structure could be predicted it can 
change considerably during the travel from Sun to Earth

Deflection, rotation, deformation, erosion, …
(e.g. Wang et al., 2004, Cremades et al., 2005, Yurchyshyn, 2008; Möstl et al., 2015)

- in the corona magnetic forces are important

Vourlidas'et'al.,%ApJ,%2011%
rapid%rotaUon%in%the%corona%
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New tool to investigate flux 
rope 3-D geometrical 
evolution from Sun to Earth 

Isavnin et al., Sol. Phys., 
2013&2014

white-light forward modelling

Grad-Shafranov reconstruction



rotation New tool to investigate flux 
rope 3-D geometrical 
evolution from Sun to Earth 

Isavnin et al., Sol. Phys., 
2013&2014
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New tool to investigate flux 
rope 3-D geometrical 
evolution from Sun to Earth 

Isavnin et al., Sol. Phys., 
2013&2014
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�
•  fastest changes occur
      within 1-30 RS

•  But significant evolution also
     in the inner heliosphere 
     > 30 RS

New tool to investigate flux 
rope 3-D geometrical 
evolution from Sun to Earth 

Isavnin et al., Sol. Phys., 
2013&2014



Things are actually more complicated…. 
                                                       5(6)-part CME in-situ

1.((shock(
2.(sheath(
3.(front(region(
4.(flux(rope((MC)(
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Extreme storms 
•  produced by strong and super-fast interacting CMEs?
      (e.g., Liu et al., Nature Communications, 2014)

•  They occurrence rate does not correlate with the size 
      of the solar cycle. 
     (Kilpua et al., 2015; http://adsabs.harvard.edu/abs/2015ApJ...806..272K). 
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Fig. 5.— Pearson correlation coefficients between the strength of solar cycle and the number

of storms per solar cycle as a function of Top) storm maximum and Bottom) storm ”energy”

(integral of the geomagnetic index over the storm duration). Left panels show the analysis

based on the 3-hour AA index covering the time period 1868–2009. Right panels show the

analysis based on the 1-hour Kakioka dH index covering the time period 1926–2009. Red

curves show the correlation coefficients where the solar cycle strength has been estimated

using the maximum monthly sunspot number and blue curves where the solar cycle strength

has been estimated using the mean value of the monthly sunspot numbers. The blue and

red dashed-lines give the corresponding 95% confidence intervals.



(some) Future Challenges
•  eruptive flux rope structure

•  early flux rope evolution most dramatic, may change significantly
      the ability to drive magnetospheric storm

•  heliospheric flux rope evolution also matters

•  CME-CME interaction, interaction with ambient SW

•  Predict the structure of turbulent CME sheath region
     (interlinked to the flux rope evolution)

•  Bring solar,  interplanetary and magnetospheric 
     communities as well as observational and simulation communities
     together to improve space weather predictions
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