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Space weather

• auroral currents

• Van Allen radiation belts

• large-scale convection (ring current)

• atmospheric and 
ionospheric conditions



• Southward interplanetary magnetic field

• Solar wind density 

• Solar wind speed

• Level of turbulence in solar wind

• Bow shock transition + magnetosheath (e.g, 
Alfvén Mach number)

Controlling key parameters
dawn-dusk 
electric field

dynamic 
pressure

Kilpua et al., Geoeffective Properties of Solar Transients and Stream 
Interaction Regions, Space Sci. Rev., doi:10.1007/s11214-017-0411-3, 2017



Coronal Mass Ejections (CMEs) drive nearly all 
intense  geomagnetic storms

Richardson and Cane 2012, 

Small to Intense Storms during four Solar  Cycles (1963 -2011)

Storm intensity (Kp)  à intense storms
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North → South (NS)

South → North (SN)

North (N) South (S)

• Flux	
  rope	
  “type”	
  (Bothmer and	
  Schwenn,	
  Ann.	
  Geo.,	
  1998;	
  Mulligan	
  
and	
  Russell,	
  GRL,	
  1998)	
  has	
  a	
  big	
  impact	
  on	
  geomagnetic	
  response	
  
Huttunen et	
  al.,	
  Ann.	
  Geo.	
  2005)

• Background	
  solar	
  wind	
  modifies	
  also	
  response	
  (e.g.,	
  Fenrich and	
  
Luhmann,	
  GRL,	
  1998;	
  Kilpua et	
  al.,	
  Ann.	
  Geo.,	
  2012)	
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CME sheaths are also important
• Drive large geomagnetic storms 

• In particular at high-latitudes 
(Huttunen et al, 2002; 2004) 

• Intense GICs occur due to sheaths  
(Huttunen et al., SW, 2008) 

• Deplete dramatically radiation belts (Kilpua et al., 2015) 

• Conditions that enhance solar wind magnetosphere coupling, i.e., 
turbulent, high Alfvén Mach number and dynamic pressure

Kilpua et al., Geoeffective Properties of Solar Transients and Stream 
Interaction Regions, Space Sci. Rev., 2017

Kilpua, Koskinen and Pulkkinen, Coronal mass ejections and sheath 
regions in interplanetary space, in press, Living Reviews in Solar Physics 
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It cannot be currently determined reliably

Magnetic field is the most crucial factor in 
determining the space weather response

BUT



- rotation

Key challenges
• Intrinsic flux rope magnetic characteristics 

• Flux rope evolution from Sun to Earth

- deflection
- erosion
- deformations
- interactions

• Ambient solar wind background and other CMEs

• Turbulent sheath fields
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Non-linear 
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extrapolations

Inner Coronal model
R = 1 à a few Rs

MHD
(EUHFORIA)

Heliosphere model
R > 0.1 AU

Intermediate model
R = a few Rs à 0.1 AU

Flux rope 
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(e.g., Gibson 
and Low)

Ultimate goal 
Data-driven Space Weather Modelling chain

MHD

Observations
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Determining intrinsic CME magnetic fields

1) Modelling approach: data-driven coronal 
simulations à CME (and sheath) fields self-
consistently and time-dependently

2)	
  Observational	
  approach:	
  synthesis	
  of	
  indirect	
  
proxies



frictional term to MHD momentum Eq.

• magnetic field evolved  using this velocity through 
induction equation (Yang et al., 1986)

Magnetofrictional Method 

à

• In time-dependent MFM photospheric
boundary condition is evolved as well 
(force-free state not reached)

e.g., Cheung & DeRosa, 2012;  
Weinzierl et al., 2016

MIKSI	
  MFM	
  EIKÄ	
  MHD

• Computationally efficient à strong space weather potential

Jens



Photospheric boundary conditions
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March 4, 2011 

Eh for	
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  BZ
Eh for	
  negative	
  BZ

• Electric field is crucial input to MFM 

• time-sequences of full-disk HMI vector magnetograms

• Poloidal-toroidal decomposition of 𝑩 (e.g., Kazachenko et al. 2014)

𝑬 = 𝑬$ − 	
  𝛻𝜓, 𝛻×𝑬$ = − *𝑩
*+

*Additional data/assumptions
needed to obtain 𝛻𝜓*

ELECTRICIT

Erkka



Time-dependent MFM



Determining intrinsic CME magnetic fields

1) Modelling approach: data-driven coronal 
simulations à CME (and sheath) fields self-
consistently and time-dependently

2)	
  Observational	
  approach:	
  synthesis	
  of	
  indirect	
  
proxies



Hinode/XRT	
  Soft	
  X-­‐ray SDO/HMI	
  magnetogramSDO/AIA	
  171	
  Å Hinode/SOT	
  6563	
  Å

Observational determination

magnetic tonguesfilament absorption/ 
emission threads

flare ribbons sigmoids

1) Helicity sign/chirality

2) Axial tilt
Polarity inversion line 
(PIL)

Post eruptive arcades 
(PEA)

3) Axial field direction
Erika



Example: Observations
CME on June 14, 2012 (AR 11504)
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Palmerio et al., Sol. Phys. 2017



Palmerio et al., submitted to Space Weather



EUHFORIA
EUropean Heliospheric FOrecasting Information Asset

Key Science
• Quantify the deformation, deflection and erosion of flux 

ropes evolving in the inner heliosphere
• CME-CME interactions 

Applications
• Space weather forecasts (“European 

ENLIL”): Time of arrival / Geo-
effectiveness
• Support for space missions (e.g. SolO, 

Bebicolombo)

physical model of the inner heliosphere (from 0.1 AU up to ~2 AU)





CCSOM 
Constraining CMEs and Shocks by Observations and Modelling 

throughout the inner heliosphere

• Develops and tests EUHFORIA towards operational space weather 
forecasting tool

• Brains-be project: ROB (PI: Jasmina Magdalenic), KUL (co-PI: Stefaan
Poedts), UH and Graz

• Simulates the propagation of flux rope CMEs in realistic 
background solar wind

• Compares the results of the obtained model with observations of a 
number of events of different types. 



EUHFORIA models
Inner Heliosphere
• 0.1 AU à 2 AU
• Solar wind 
• Time-dependent MHD
• Evolves n, B, v, T in 3D + t

2 AU

1 AU

0.1 AU

Corona
• 1 Rsun à 0.1 AU
• Semi-empirical (WSA)
• Provides solar wind 

boundary conditions for 
inner heliosphere

CME models
• Inserted as time-dependent 

boundary conditions at 0.1 AU
• Different models implemented 

and tested

Pomoell and Poedts, in revision, J. Space Weather and Space Climate



Semi-­‐empirical	
  coronal	
  model

GONG or ADAPT*
*The Air Force Data Assimilative 
Photospheric flux Transport



CME models 
Hydrodynamic cone model (e.g., Xie et al., JGR, 2009)



CME models 
Gibson & Low flux rope (Gibson and Low, 1998)



CME models 
Spheromak (e.g., Lyutikov and Gourgouliatos, 2011) 



CME	
  model	
  input	
  parameters
• Speed,	
  direction,	
  width,	
  tilt	
  (fits	
  to	
  coronagraph	
  data,	
  e.g.,	
  via	
  

StereoCAT or	
  using	
  forward	
  modeling,e.g.,	
  HELCATS	
  catalogs),	
  
magnetic	
  flux	
  and	
  helicity	
  (modelling	
  or	
  observations)	
  mass	
  density	
  
and	
  temperature	
  

• parameters	
  needed	
  depend	
  on	
  the	
  CME	
  model

http://ccmc.gsfc.nasa.gov/analysis/stereo/
https://www.helcats-­‐fp7.eu



FR CME (PhD theses Christine and Camilla, KU Leuven)

Testing of EUHFORIA with FR models

GL FR model vs ACE

Eleanna Asvestari, UH



Summary
• Predicting CME magnetic structure well in advance is crucial 

for reliable space weather predictions

• CMEs have two distinct sub-structures: sheath and flux rope, 
both can drive intense geomagnetic storms

• Steps: Intrinsic flux rope type and background, evolution and 
propagation, solar wind – magnetosphere coupling

• Capturing the sheath effects is extremely challenging due to its 
turbulent nature
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Determination of the photospheric electric field for data-driven
modelling of coronal mass ejections

Erkka Lumme, Jens Pomoell and Emilia K. J. Kilpua
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INTRODUCTION

• The geoeffectivity of coronal mass ejections (CMEs)
is largely determined by their magnetic structure

• Time-dependent modelling of the coronal magnetic
field, for instance based on the magnetofrictional
(MF) approach, is a promising method to deter-
mine the magnetic structure of erupting CMEs

• Data-driven MF modelling requires an accurate de-
termination of the photospheric electric field

• We present the latest results of our electric field in-
version procedure that employs SDO/HMI vector
magnetograms Figure 1: Example of the magnetic structure (right) of an erupting CME (left)

modelled using the MF approach. Image courtesy (left): SDO/AIA

MF MODELLING
• In magnetofrictional modelling the evolution of

the coronal magnetic field is governed by an
induction-like equation [8], [2]:

@A

@t
= V ⇥B� ⌘r⇥B, B = r⇥A (1)

where the plasma velocity V is set to be propor-
tional to the Lorentz force. As a result of this choice
the coronal field evolves towards a force-free state.

• Effects due to e.g. plasma pressure and gravity are
neglected

• The photospheric electric field acts as a time-
dependent boundary condition via the relation
@Ah/@t(z = 0, t) = �Eh(z = 0, t). A non-zero
photospheric E drives changes in the coronal field.

• The resulting dynamical balance between the pho-
tospheric driving and the coronal relaxation to-
wards the force-free state approximates the coro-
nal field evolution to a sufficient accuracy

ELECTRICIT
• ELECTRICIT is a practical toolkit developed for

routine inversion of the photospheric electric field
• The toolkit computes the electric field from time

series of photospheric magnetic field and plasma
velocity measurements using the latest data pro-
cessing and electric field inversion methods

• Currently, the inversion is based only on the mag-
netic field data (from SDO/HMI instrument [6]),
while the implementation of plasma velocity esti-
mates based on dopplergrams and optical flow in-
version techniques will be added in the near future

• The magnetic field data requires extensive process-
ing in the toolkit before it can be used in the electric
field inversion. The resulting processed magnetic
field data series are useful as such, e.g. for coronal
force-free extrapolations

ELECTRIC FIELD INVERSION
• The electric field is decomposed into an inductive
EI and non-inductive �r component [3]:

E = EI �r (2)
• The inductive component can be solved from the

Faraday’s law:
r⇥EI = �@B

@t
(3)

where @B/@t is determined from a time series of
processed magnetograms.

• The non-inductive component can be constrained
using photospheric plasma velocity estimates and
the ideal Ohm’s law [3]:

E = �V ⇥B (4)
• Since the use of photospheric velocity estimates

is yet to be implemented in ELECTRICIT, we are
forced to use one of the following three ad hoc as-
sumptions to constrain the non-inductive compo-
nent:

0. Set the non-inductive component to zero:
r = 0.

1. Set the horizontal divergence of the electric
field to be proportional to Bz [2]:

rh ·Eh = �r2
h = ⌦Bz (5)

Using the ideal Ohm’s law one can show that
⌦ = (r⇥V)z , i.e. the condition imposes uni-
form vertical vorticity at the photosphere.

2. Set the horizontal divergence of the electric
field to be proportional to the vertical compo-
nent of the current density Jz [1]:

rh ·Eh = �r2
h =

U

µ0
Jz = U(r⇥B)z (6)

which imposes uniform vertical plasma ve-
locity Vz = U at the photosphere.

• Both constants ⌦ and U are free parameters in the
inversion.

INVERSIONS FOR NOAA 11158
• The electric field was inverted for NOAA AR

11158 using four methods:
– The main inversion algorithm of ELECTRICIT,

in which each of the three ad hoc assumptions
for the the non-inductive component were used:
rh ·Eh = �r2

h = {0,⌦Bz, U(r⇥B)z}
– Optical flow based inversion using DAVE4VM

plasma velocity inversion code [7]. Magne-
tograms processed using ELECTRICIT were
feeded into DAVE4VM and electric field was cal-
culated from the output (E = �V ⇥B).

• In order to constrain the free parameters ⌦ and
U in assumptions 1 and 2 (Eqs. 5 and 6) we opti-
mized the injection of magnetic energy from the
photosphere to the corona. We chose the free pa-
rameters so that the time evolution of the injected
magnetic energy (Figure 2, upper panel) is consis-
tent between our inversions as well as with a pre-
vious study by Kazachenko et al. [4]:
– ⌦ = 1/16 rotations per day.
– U = 40 m s�1

• Magnetic energy injection rate to the corona is
given by the area-integrated vertical Poynting flux
[5]: dE

dt
=

Z
Sz dS =

Z
µ�1
0 (E⇥B) · ẑ dS (7)

Integrating dE/dt over the time series gives the to-
tal energy injection (Figure 2, upper panel).

• We also studied the injection of relative magnetic
helicity to the corona (Figure 2, lower panel) [4]:

dHR

dt
=

Z
(AP ⇥E) · ẑ dS (8)

Figure 2: Time series of total injected magnetic energy E (upper panel) and
relative magnetic helicity HR (lower panel) using 4 + 1 different electric
field estimates. Black solid lines mark the reference values of E and HR

from Kazachenko et al. [4] at the time of the strongest flare of the active
region (dashed line). Poynting flux data of Kazachenko et al. [4] for the
upper panel was downloaded from http://cgem.stanford.edu/.

EXAMPLE ELECTRIC FIELD PLOT

Figure 3: Example plot of the inverted horizontal photospheric electric field
Eh and the measured vertical magnetic field Bz for a subregion of NOAA
AR 11158 on March 15, 2011 at 01:48:00 TAI. The colors of the electric field
vectors reflect the polarity of the underlying Bz (blue for positive and red
for negative).

DISCUSSION
• By tuning the free parameters of our ad hoc as-

sumptions we were able to optimize the mag-
netic energy injections to a surprisingly good ac-
curacy (Figure 2, upper panel). We also repro-
duced the previously shown consistency between
DAVE4VM and the results of Kazachenko et al. [4].

• The corresponding relative helicity injections are
not mutually consistent (Figure 2, lower panel).
Assumption 1 (Eq. 5) overestimates the HR injec-
tion by several factors whereas assumption 2 (Eq.
6) underestimates it. DAVE4VM gives again re-
sults similar to Kazachenko et al. [4].

• Setting the non-inductive component to zero (as-
sumption 0) clearly underestimates both the en-
ergy and the helicity injections. Thus, MF simula-
tion driven using this electric field likely does not
result in realistic eruptive behaviour in the corona.

• We plan to drive MF simulations using the four
electric field inversions presented in this study
and to compare the outputs to quantify the sensi-
tivity of the modelling to the photospheric driving
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• The geoeffectivity of coronal mass ejections (CMEs)
is largely determined by their magnetic structure

• Time-dependent modelling of the coronal magnetic
field, for instance based on the magnetofrictional
(MF) approach, is a promising method to deter-
mine the magnetic structure of erupting CMEs

• Data-driven MF modelling requires an accurate de-
termination of the photospheric electric field

• We present the latest results of our electric field in-
version procedure that employs SDO/HMI vector
magnetograms Figure 1: Example of the magnetic structure (right) of an erupting CME (left)
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MF MODELLING
• In magnetofrictional modelling the evolution of

the coronal magnetic field is governed by an
induction-like equation [8], [2]:

@A

@t
= V ⇥B� ⌘r⇥B, B = r⇥A (1)

where the plasma velocity V is set to be propor-
tional to the Lorentz force. As a result of this choice
the coronal field evolves towards a force-free state.

• Effects due to e.g. plasma pressure and gravity are
neglected

• The photospheric electric field acts as a time-
dependent boundary condition via the relation
@Ah/@t(z = 0, t) = �Eh(z = 0, t). A non-zero
photospheric E drives changes in the coronal field.

• The resulting dynamical balance between the pho-
tospheric driving and the coronal relaxation to-
wards the force-free state approximates the coro-
nal field evolution to a sufficient accuracy

ELECTRICIT
• ELECTRICIT is a practical toolkit developed for

routine inversion of the photospheric electric field
• The toolkit computes the electric field from time

series of photospheric magnetic field and plasma
velocity measurements using the latest data pro-
cessing and electric field inversion methods

• Currently, the inversion is based only on the mag-
netic field data (from SDO/HMI instrument [6]),
while the implementation of plasma velocity esti-
mates based on dopplergrams and optical flow in-
version techniques will be added in the near future

• The magnetic field data requires extensive process-
ing in the toolkit before it can be used in the electric
field inversion. The resulting processed magnetic
field data series are useful as such, e.g. for coronal
force-free extrapolations

ELECTRIC FIELD INVERSION
• The electric field is decomposed into an inductive
EI and non-inductive �r component [3]:

E = EI �r (2)
• The inductive component can be solved from the

Faraday’s law:
r⇥EI = �@B

@t
(3)

where @B/@t is determined from a time series of
processed magnetograms.

• The non-inductive component can be constrained
using photospheric plasma velocity estimates and
the ideal Ohm’s law [3]:

E = �V ⇥B (4)
• Since the use of photospheric velocity estimates

is yet to be implemented in ELECTRICIT, we are
forced to use one of the following three ad hoc as-
sumptions to constrain the non-inductive compo-
nent:

0. Set the non-inductive component to zero:
r = 0.

1. Set the horizontal divergence of the electric
field to be proportional to Bz [2]:

rh ·Eh = �r2
h = ⌦Bz (5)

Using the ideal Ohm’s law one can show that
⌦ = (r⇥V)z , i.e. the condition imposes uni-
form vertical vorticity at the photosphere.

2. Set the horizontal divergence of the electric
field to be proportional to the vertical compo-
nent of the current density Jz [1]:

rh ·Eh = �r2
h =

U

µ0
Jz = U(r⇥B)z (6)

which imposes uniform vertical plasma ve-
locity Vz = U at the photosphere.

• Both constants ⌦ and U are free parameters in the
inversion.

INVERSIONS FOR NOAA 11158
• The electric field was inverted for NOAA AR

11158 using four methods:
– The main inversion algorithm of ELECTRICIT,

in which each of the three ad hoc assumptions
for the the non-inductive component were used:
rh ·Eh = �r2

h = {0,⌦Bz, U(r⇥B)z}
– Optical flow based inversion using DAVE4VM

plasma velocity inversion code [7]. Magne-
tograms processed using ELECTRICIT were
feeded into DAVE4VM and electric field was cal-
culated from the output (E = �V ⇥B).

• In order to constrain the free parameters ⌦ and
U in assumptions 1 and 2 (Eqs. 5 and 6) we opti-
mized the injection of magnetic energy from the
photosphere to the corona. We chose the free pa-
rameters so that the time evolution of the injected
magnetic energy (Figure 2, upper panel) is consis-
tent between our inversions as well as with a pre-
vious study by Kazachenko et al. [4]:
– ⌦ = 1/16 rotations per day.
– U = 40 m s�1

• Magnetic energy injection rate to the corona is
given by the area-integrated vertical Poynting flux
[5]: dE

dt
=

Z
Sz dS =

Z
µ�1
0 (E⇥B) · ẑ dS (7)

Integrating dE/dt over the time series gives the to-
tal energy injection (Figure 2, upper panel).

• We also studied the injection of relative magnetic
helicity to the corona (Figure 2, lower panel) [4]:

dHR

dt
=

Z
(AP ⇥E) · ẑ dS (8)

Figure 2: Time series of total injected magnetic energy E (upper panel) and
relative magnetic helicity HR (lower panel) using 4 + 1 different electric
field estimates. Black solid lines mark the reference values of E and HR

from Kazachenko et al. [4] at the time of the strongest flare of the active
region (dashed line). Poynting flux data of Kazachenko et al. [4] for the
upper panel was downloaded from http://cgem.stanford.edu/.

EXAMPLE ELECTRIC FIELD PLOT

Figure 3: Example plot of the inverted horizontal photospheric electric field
Eh and the measured vertical magnetic field Bz for a subregion of NOAA
AR 11158 on March 15, 2011 at 01:48:00 TAI. The colors of the electric field
vectors reflect the polarity of the underlying Bz (blue for positive and red
for negative).

DISCUSSION
• By tuning the free parameters of our ad hoc as-

sumptions we were able to optimize the mag-
netic energy injections to a surprisingly good ac-
curacy (Figure 2, upper panel). We also repro-
duced the previously shown consistency between
DAVE4VM and the results of Kazachenko et al. [4].

• The corresponding relative helicity injections are
not mutually consistent (Figure 2, lower panel).
Assumption 1 (Eq. 5) overestimates the HR injec-
tion by several factors whereas assumption 2 (Eq.
6) underestimates it. DAVE4VM gives again re-
sults similar to Kazachenko et al. [4].

• Setting the non-inductive component to zero (as-
sumption 0) clearly underestimates both the en-
ergy and the helicity injections. Thus, MF simula-
tion driven using this electric field likely does not
result in realistic eruptive behaviour in the corona.

• We plan to drive MF simulations using the four
electric field inversions presented in this study
and to compare the outputs to quantify the sensi-
tivity of the modelling to the photospheric driving
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