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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

http://adsabs.harvard.edu/abs/2002JGRA..107.1121H
http://adsabs.harvard.edu/abs/2015GeoRL..42.3076K


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)

http://adsabs.harvard.edu/abs/2002JGRA..107.1121H
http://adsabs.harvard.edu/abs/2015GeoRL..42.3076K


Space weather response
• auroral latitudes 

• large-scale convection

• ring current

• Van Allen belts

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)

http://adsabs.harvard.edu/abs/2002JGRA..107.1121H
http://adsabs.harvard.edu/abs/2015GeoRL..42.3076K


magnetic field north-south component, L1

sheath flux rope

Dst < -100 nT Dst < -150 nT Dst < -200 nT

Huttunen and Koskinen, 2004
http://adsabs.harvard.edu/abs/2004AnGeo..22.1729H

1997-2002

Hietala et al., GRL, 2014; Kilpua et al., 2015 http://adsabs.harvard.edu/abs/2015GeoRL..42.3076K)

Bz ULF

Pdyn ULF

http://adsabs.harvard.edu/abs/2004AnGeo..22.1729H


A) low-inclined flux ropes

Bz: 
North → South (NS)

Bz: 
South → North (SN)

- dominant type changes with solar cycle (Bothmer and Schwenn, 1998; Li et al., 2011)

- space weather predictions needs type for individual events

→ equally geoeffectivity!
SN: mean Dst -74 nT
NS: mean Dst -79 nT

45 low-inclined FRs (1995-1999 & 2006-2010)

shock high-speed stream follows ambient solar wind

modifies greatly the 

response!

Kilpua et al., 2012  http://adsabs.harvard.edu/abs/2012AnGeo..30.1037K
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http://adsabs.harvard.edu/abs/2012AnGeo..30.1037K


B) high-inclined flux ropes

Bz: 
North (N)

Bz: 
South (S)

- N-type FRs 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!

FRs 1996-2003

Huttunen et al., 2005

Sheath alone may drive a major storm!

http://adsabs.harvard.edu/abs/2005AnGeo..23..625H


There is yet no practical method to predict FR structure (nor 

sheath 

magnetic fields) in advance
- coronal magnetic fields cannot be observed directly

- Estimations based on erupting filament details, coronal arcades, and 

X-ray 

sigmoidal structures [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

Kliem&Green, 2014

At UH we are working 

on this by combining 

both data-driven 

simulations and 

observations July 12-17, 2012 
 
Halo CME: Jul 12, 16:48 UT, V = 885 km/s 
(first LASCO C2 appearance) 
From AR 11520 

July 12-17, 2012 
 
Halo CME: Jul 12, 16:48 UT, V = 885 km/s 
(first LASCO C2 appearance) 
From AR 11520 

July 12-17, 2012 
 
Halo CME: Jul 12, 16:48 UT, V = 885 km/s 
(first LASCO C2 appearance) 
From AR 11520 

helicity, axial field direction and axis orientation

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 



BUT!

Even if eruptive FR structure could be predicted it can 

change considerably during the travel from Sun to Earth

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

Vourlidas et al., ApJ, 2011

Kilpua et al., 2009 http://adsabs.harvard.edu/abs/2009AnGeo..27.4491K



New tool to investigate FR 

3-D geometrical evolution

from Sun to Earth 

Isavnin et al., Sol. Phys., 

2013&2014



New tool to investigate FR 

geometrical evolution

from Sun to Earth 

Isavnin et al., Sol. Phys., 

2013&2014

rotation



New tool to investigate FR 
geometrical evolution
from Sun to Earth 

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

deflection, latitude



New tool to investigate FR 

geometrical evolution

from Sun to Earth 

Isavnin et al., Sol. Phys., 

2013&2014

deflection, longitude

→

• fastest changes occur

within 1-30 RS

• significant part of the 

evolution occurs > 30 RS



Things are actually more complicated…. 

5(6)-part CME in-situ

1.  shock
2. sheath
3. front region
4. flux rope (MC)
5. back region
(6. density blob)

separated near the Sun or in IP space?

1  2   3  4           5

Kilpua et al., 2013
http://adsabs.harvard.edu/abs/2013AnGeo..31.1251K

?

”5-part CME”

Vourlidas et al., 2012



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). 

http://adsabs.harvard.edu/abs/2015ApJ...806..272K


(some) Future Challenges

• eruptive flux rope structure

• early flux rope evolution 

• heliospheric flux rope evolution

• CME-CME interaction, interaction with ambient SW

• Predict the structure of the turbulent sheath region

• Bring solar, interplanetary and magnetospheric

communities together to improve space weather

predictions



ipshocks.fi


