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‘Space Weather’

cf. USA NSWP 

Strategic Plan: 
“Space Weather refers to conditions on the sun and in the solar wind, 
magnetosphere, ionosphere, and thermosphere that can influence the 
performance and reliability of space-borne and ground-based 
technological systems and can endanger human life or health.”



Solar flares and CMEs

When a CME is ejected in the direction of the Earth, we see a 
socalled ‘halo CME’ 
(about 10% of all the CMEs, more than 1 per week during solar maximum)

(halo) CMEs:

Vcme   = 100  3000 km/s,  typ. 

450 km/s 

Mass = 10
13  1016 g 

Energy = 1027  1033 erg 

(1st: OSO7 (’71) see Bruecker et al. ’72)

SoHOLasco C3



Effects on Earth environment

Radiation (mSv):
• astronaut during 1 EVA: 50 mSv

4500 spacecraft 
anomalies over last 
25 years



Geomagnetic storms



Effects on Earth

GEOMAGNETIC STORMS:
Most pronounced effects :

Geomagnetically Induced 
Currents (GICs)

Space exploration 
& satellites

GPSPolar light

Waremme, JM Maillard

Estimated average economic 

cost: 1
010 EURO/YEAR

Economic cost of 1 ‘extreme’ 

event: up to 2.7 x 10 12 EURO

[Eastwood et al. 2017]



Need for reliable predictions

• Importance of reliable  
predictions of the space  
weather and its effects on 
technological systems, human 
life and health.

• Requires a deeper insight in 
space weather physics.

• Observations are much needed 
but sometimes limited/difficult 
to interpret (projection effects,
…) and some things cannot be 
observed (e.g. coronal 
magnetic field)

• Numerical simulation models can 
provide (additional) information that 
cannot be observed directly (magnetic 
field topology, density structure, local 
velocity, etc.)



EUHFORIA Rationale

Credit: Jens Pomoell

Science:
• Quantify the deformation, deflection and erosion 

of flux ropes evolving in the inner heliosphere
• Characterize the magnetosheaths of CMEs
• Clarify the role of CMECME interactions in 

enhanced SEP production 

Applications:
• Space weather forecasts (“European ENLIL”)

• Time of arrival / Geoeffectiveness
• Support for space missions (e.g. SolO)



Taking coronal model as lower boundary condition

EUHFORIA 
‘European heliospheric forecasting information asset’

Solar wind at @ 0.1 AU
• Semi-empirical: 

• Gong or ADAPT
• PFSS
• WSA/DCHB+CSC 

CMEs at @ 0.1 AU
• Cone model
• Spheromac + GL

Inner Heliosphere
• 0.1 AU  2.1 AU
• Time-dependent 

3D MHD (FVM with CT 
approach for advancing B div-
free)

Credit: Jens Pomoell



Semiempirical coronal model (v. 0.9)

Credit: Jens Pomoell

Simplified WSA



Update on WSA empirical formula for v as a function of flux 
tube expansion factor f and the distance of the foot-point of the 
flux tube to the nearest coronal hole boundary d :

which is the original WSA formula with  parameters
• v0 = 240 km/s, v1 = 675 km/s

• α = 0:22 

• β = 1:25 

• w = 0:02 rad (serves to normalize the dependence of the solar wind speed on the distance to the nearest coronal 
hole boundary)

EUHFORIA 1.0 (8 June 2017)

From: Pomoell & Poedts (2018)



EUHFORIA model is data-driven

EUHFORIA v1.0:
3D heliospheric wind + CME evolution code 

2.1 AU

(GONG Janus maps)



MHD wind relaxation in Euhforia
3D visualization 
of MHD 
relaxation in low 
resolution (same 
as ENLIL) 0.1 
AU  1 AU

Color = radial 
velocity (initially 
extended)
Arrows = 
magnetic field 
(initially radial)



Phases of a run

Credit: Jens Pomoell

• 14 days relaxation is sufficient for slow wind (250 km/s) to reach 2 AU

• CMEs before the event to be forecasted significantly modify plasma in IP 
space. Typically, significant CMEs from 5 days prior to event are inserted.

• Starting time of forecast = observation time of magnetogram used to 
construct the coronal model.

Magnetogram observation time



CME input parameters 

1. CME speed
2. CME insertion time
3. CME longitude
4. CME latitude
5. CME half width 
6. CME density
7. CME temperature
8. FR tilt
9. FR helicity
10.FR toroidal B flux

Cone CMEs / 
Fluxrope CMEs

Fluxrope CMEs only

Credit: Camilla Scolini & Christine Verbeke



‘datadriven’ CME model parameters

• Parameters (speed, direction, width) obtained through 
fits to coronagraph data (e.g. via StereoCAT)

• Mass density and temperature need to be provided by 
forecaster

http://ccmc.gsfc.nasa.gov/analysis/stereo/



CME input parameters 

• CME speed
• CME insertion time
• CME longitude
• CME latitude
• CME half width 
• CME density (default value)
• CME temperature (default value)
• FR tilt
• FR helicity
• FR toroidal B flux

Magnetic+EUV observations 
of source region (Palmerio+2017)

(Gopalswamy+2017)

3D reconstruction 
(GCS model)

Credit: Camilla Scolini & Christine Verbeke



Consider June 18-27, 2015 events
o 17 cone model entries in DONKI, 9 with little or no impact to 

Earth
o We selected the 5 events most apparently directed to Earth:

o Events 1, 4 and 5 are related to M-class flares from AR12371
o No input for density and temperature, hence assume

     - constant density: ρCME = 10-18 kg m-3

       - constant temperature: TCME = 0.8 MK

EUHFORIA 1.0 validation

From: Pomoell & Poedts (SWSC, 2018)



Cone model parameters 
(speed, direction, timing) from 
DONKI database

Credit: Jens Pomoell

Cone CME model run

Bad/wrong Bz from Cone CME



Constraining CMEs and Shocks by Observations and Modelling 
throughout the inner heliosphere (CCSOM)

• PI: J. Magdalenić, coPI: S. Poedts
• 4 years, started in March 2017
• Incl. ROB, KU Leuven, Univ. of Helsinki and Univ. of Graz

Objectives:
• to simulate the propagation of flux rope CMEICME structures in 

realistic background solar wind conditions, with the resulting model 
exceeding the current state of the art,

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

CCSOM: EUHFORIA development project



Time-dependent 
magnetofrictional 

model

Non-linear 
force-free 

extrapolations

Coronal model
R = 1  a few Rs

MHD 
evolution

Heliosphere model
R > 0.1 AU

CORMA EUHFORIA

Intermediate model
R = a few Rs  0.1 AU

Cone + 
Flux rope 

CME 
models

Spheromak, 
FRi3D, GL, TDm

Updated modeling chain (in progress)



Parameter study: cone CME shapes in EUHFORIA

CME shape in the solar equatorial planeCME shape in the solar equatorial plane

For more information 
about the effect of 
different CME shapes in 
EUHFORIA: 
ESWW14, C. Scolini et 
al.

STA

Earth

STB

Vr (km/s) 

Backgroundsubtracted radial 
speed on 20080608 at 06:03 
UT. The region influenced by 
the CME is delimited by the 

backgroundsubtracted 
contour lines: vr=20 km/s (continuous), 

nscaled=5 part/cc (dotted).

Newell empirical relation 
(Newell+2008)

Shue model
(Shue+1998)

Kp index

Magnetopause standoff distance

Geoeffectiveness predictionsGeoeffectiveness predictions

We have tested the effect of different spherical CME shapes in EUHFORIA comparing the 
results at different spacecraft locations at 1 AU and the impact on geoeffectiveness



CME on Sep 4, 2010 
arriving  to  STEREO
A on Sep 7, 2010:

Conclusion:

EUHFORIA run 
anticipates the arrival 
of the CME at 
STEREOA (up to 
3h), while ENLIL 
delays it (up to 12h). 

br0ken!!

Comparison EUHFORIA-ENLIL

Scolini et al., to be submitted



20120619T00:00

20120622T00:00

20120625T00:00• NLFFF extrapolations using time-series of 
HMI vector magnetograms 6 h cadence

• Optimization method:
o 4th order finite difference

o Separation of B into potential and non-potential part

o Multigrid (coarse  increasingly finer meshes)

AR evolution

Credit: Jens Pomoell



NLFFF modeling

• Sequence of nonlinear 
forcefree field extrapola
tions (Optimization approach, 
Processed data from HMI full 
disk vector magnetograms)

• Initially, AR exhibits shea
red arcade structure  FR

• Evolves to a FR, possibly 
due to flux cancellation 

84 CHAPTER 4. EVOLUTION OF A SOLAR ACTIVE REGION

Figure 4.14: The color-code in left panel gives the decay index n in a vertical plane along the flux-rope
axis. The right pinel shows the decay index in a vertical plane, orthogonal to the flux-rope axis. The
black lines are magnetic field lines. Both figures were calculated from the extrapolation at 06:00 UT on
25June.

Lorentz force caused by the overlaying magnetic field.

A criteria to determine whether a flux-rope is torus unstable can be found by assuming that the magnitude
of the external field decreases with height as a power law, i.e., B / R − n , where

n = −
z
B

@B
@z

is called the decay index. At the limit of very thin current channels, the flux-rope will be torus unstable
if the decay index exceeds the critical value of 1.5 (see Kliem & Török 2006). This criterion was gen-
eralized by Démoulin & Aulanier (2010) for current channels with a finite thickness. They found that
a flux-rope is torus unstable if the decay index is larger than a value in the range [1.1, 1.3]. The exact
critical value depends on the shape of the flux-rope.

The leftpanel of Fig. 4.14shows the decay index n in a vertical plane along the flux-rope axis, calculated
from the extrapolation at 06:00 UT on 25 June, i.e., about three hours before the CME. The right panel
of Fig. 4.14 shows also the decay index, yet for a vertical plane orthogonal to the flux-rope axis, and
located halfway the flux-rope. The figures illustrate that most of the flux-rope satisfy n 1. Therefore,
the flux-rope can be considered to be stable against the torus instability. However, the left panel of
Fig. 4.14 shows that some of the magnetic field lines at the top of the flux-rope are close to n = 1.5.
Therefore, if the flux-rope would slightly expand, the upper parts of the flux-rope will reach a region that
is unstable against the torus instability. Remark that we found in Section 4.4.1that the peak in the energy
distribution for 25June is shifted towards higher altitudes compared to the previous days. This may be a
signature of an expanding motion of the flux-rope. If such an expanding motion indeed occurs between
06:00 UT and 08:48UT, the CME of 25June may be triggered by the torus instability.

4.3. EXTRAPOLATED MAGNETIC FIELD 77

(a) 19 June, 00:00 UT (b) 20June, 00:00 UT (c) 21June, 00:00UT

(d) 22June, 00:00UT (e) 23June, 00:00UT (f) 24June, 00:00UT

(g) 25June, 00:00 UT

Figure 4.8: Snapshots of the arcade/flux-rope structure. The grey-scale is proportional to the verti-
cal magnetic field, whereas the “rainbow” colour scale is proportional to the current density along the
magnetic field lines.

20120619T00:00 20120625T00:00

Credit: Jens Pomoell

20120619T00:00 20120621T00:00 20120623T00:00 20120625T00:00



• MHD simulations currently too complex/labour-intensive 
for routine simulations

• Eruption realism not guaranteed

• Employ an intermediate FR model instead:
✓ Fit kinematics to EUV & coronagraph observations
✓ Use coronal model (NLFFF/magnetofriction) to estimate magnetic 

parameters (might need semi-empirical relations to be 
established)

✓ Estimate of uncertainties (explore space of reasonable 
parameters)   ensemble runs

Connecting the corona and heliosphere



• Employ Gibson & Low 1999 CME 
model:
 Analytic solution of the timedependent 3D 

MHD equations of a FR expanding self
similarly

 Stretched spheromaklike magnetic 
field structure

 Selfconsistently includes low
density cavity, highdensity core

 Has been used in a number of 
MHD studies

• Constrain parameters of 
the model:
 Fit kinematics to EUV & coronagraph 

observations or use cone model 
estimate 

 Use coronal model to estimate 
magnetic parameters (chirality, flux) Credit: Jens Pomoell

Connecting corona and IP space



Gibson&Low CME run

GL fluxrope CME model run

Bz GL CME (HEEQ) Bz Cone CME (HEEQ)

Bcomp. fit with GL CME



EUHFORIA: Spheromak CME

Flux rope modeled as Linear Force Free Spheromak

• Start time of CME
• Propagation velocity of CME
• Latitude of centre of CME source region
• Longitude of centre of CME source region
• Halfwidth of CME
• Density of CME
• Temperature of CME
• Title angle of the CME
• Helicity of the CME
• Total toroidal flux

CME kinematics
Cone model

Flux rope 
parameters

     

+
Credit: Camilla Scolini & Christine Verbeke



Radial magnetic field at the 
boundary (0.1AU)

Radial magnetic field at the 
boundary (0.1AU)

Spheromak example

Cf. Verbeke et al., ESWW14



ISEST WG4 Event 1

CME simulated using 
observationbased parameters

• CME arrival time and peak 
density/speed well 
reproduced by both models

? Magnetospheric 
compression

• IMF rotations: well reproduced with spheromak

• Min Bz prediction improved by +40% using 

spheromak compared to cone

? Dayside reconnection 

& geomagnetic activity

ICMEshockV

n

B

Bz

July 12 2012 CMESpheromak vs cone model:
predictions @ L1

Credit: Camilla Scolini

file:///srv/www/vhosts/science-media.org/httpdocs/userfiles/838/presentations/e


Spheromak vs cone model:
geomagnetic activity predictions

Dst: Empirical relation 
(O’Brien & McPherron 2000) 

Kp: Empirical relation 
(Newell+2008) 

ICME

shock

EUHFORIA Dst prediction:
• Cone model misses completely 

the storm
• Spheromak improved the 

prediction of min Dst by +80%
? fluxrope CME model needed to 
predict Dst storms

EUHFORIA Kp prediction:
• Kp increase at shock time well 

predicted by both models 
• High Kp tail missed by both
? Kp empirical relation mainly 
responsive to magnetospheric 
compression / shock parameters

ISEST WG4 Event 1

July 12 2012 CME

Credit: Camilla Scolini



Parameter study: toroidal flux

Flux affects arrival time and B strength, and also the deflection 
and expansion (as the total pressure is different)!

Credit: Christine Verbeke



Parameter study: Halfwidth (different total mass)

Less massive CME arrives later (lower initial momentum 
density), and they also have different deflection.

Credit: Christine Verbeke



Parameter study: Halfwidth (constant total mass)

Higher density CMEs slow down less, have less deflection and 
different expansion ? a stronger Bzcomponent!

Credit: Christine Verbeke



Longitude: |B| at 1AU

PROBLEM: Centre of CME misses Earth (deflection):

 Small changes in input parameters can have large effect 
on B, v and n at 1AU, and thus the impact of the CME 

 Input parameters all have their errors

 need ensemble runs for FR CME simulations!



VSWMC: Motivation

NEED for integrated Space Weather model frameworks

• SW needs to be predicted so that mitigation is possible
• Physics based models are needed as empirical semi

empirical models do not always work satisfactorily
• Simple (G)UI needed for easy of use of (complicated) 

simulation models
• Standard environment needed for

o Model (and data) repository
o Optimal model simulations / verification / validation
o Enable coupling(s) of (sub)models  



Example1: CCMC (NASA)



Example 2: CSEM (UMICH)

• xxx



VSWMCP2 objective and scope

• The further development of the VSWMC building on the 
Phase 1 prototype system and focusing on the interaction 
with the SSA SWE system.

• Efficient integration of new models and new model 
couplings, including a first demonstration of an endto
end simulation capability.

• Further development and wider use of the coupling 
toolkit  and the frontend GUI which will be designed to 
be accessible via the SWE Portal.

• Availability of more accessible input and output data on 
the system and development of integrated visualization 
tool modules.



Similarities with CCMC & CSEM…

Like CCMC & CSEM, the VSWMC is/will 
provide:

• A repository for models (and data!)
• A facility that enables to execute models and 
coupled model simulations

However, VSWMC ≠ CCMC, nor CSEM!



… and differences!

• VSWMC is being developed: only a limited version is 
available at the moment (about 12 coupled models)

• Combination of local and distributed models, so 
models can run remotely and are coupled over the internet

• Visualization tools are integrated as ‘models’ that can be 
coupled to any other integrated model

• Interactive: via a ‘developer tool’ the modelers will be 
able to install/adjust their own model and couple it to 
another model in the repository (at end of Part 2 project)



VSWMCP2 overview

• Users interface via a web 
portal (in SSA SWE system)

• Developer environment with
4 service components

• Core system also contains 
data archive and user 
management component

• Only the runtime system 
interacts with HLA bus to 
coordinate simulations

• visualizations are 
implemented as ‘federates’



Runtime system (RTS)

• Prepares (coupled simulation) models for execution and manages 
data exchange between models

• Is capable of executing parameterized simulation (or federation) runs. 
As a simulation is interpreted, different models are retrieved from the 
Model Repository.



Virtual Space Weather Modeling Centre

EUHFORIA

Framework node communication
AppServer

Corona Heliosphere
COOLFluid

Gumics4
CTIP/CMAT2 BASRBM

Visualization 1

Visualization 2
ODI

Kp index 

Dst index 

Bow shock stand
off distance

Xtrapol

iPIC3DAMRVAC
DEMO



Full screen view – new layout



Geoeffectiveness prediction

Geomagnetic storms (southward IMF):
• Dst index: sensitive to the ring current (equatorial)
• AE index: sensitive to auroral currents

EUHFORIA FR
outputs at Earth

Wind observations

EUHFORIA CONE 
outputs at Earth

OPENGGCM
(+ CTIM + RCM)

Dst index

L1
Input timeseries Magnetosphere

(+ ionosphere + ring current)
Geoeffectiveness

AE index

Credit: Camilla Scolini



Cone CME model:
• AE is underpredicted
• Dst is overpredicted

AE index

Dst index

Credit: Camilla Scolini

Geomagnetic activity from OpenGGCM



AE index

Dst index

Cone CME model:
• AE is underpredicted
• Dst is overpredicted

Fluxrope CME model:
• AE is overpredicted
• Dst is still overpredicted but signal 

is improved (stronger)

Credit: Camilla Scolini

Geomagnetic activity from OpenGGCM



AE index

Dst index

Cone CME model:
• AE is underpredicted
• Dst is overpredicted

Fluxrope CME model:
• AE is overpredicted
• Dst is still overpredicted but signal 

is improved (stronger)

Reference model: Wind+OpenGGCM
• Good AE prediction
• Predicted Dst signal very weak

 Max AE: +57% improvement
 Min Dst: +36% improvement
using the fluxrope CME model 
compared to cone CME model

Good agreement between 
Wind+OpenGGCM and 

EUHFORIA FR+OpenGGCM 
timeseries

Good agreement between 
Wind+OpenGGCM and 

EUHFORIA FR+OpenGGCM 
timeseries

Geomagnetic activity from OpenGGCM

Credit: Camilla Scolini



SEPs injected in the slow solar wind  SEPs Injected in the Fast solar wind 
Stream

Combining EUHFORIA with a 
Monte Carlo SEP transport 

model 

Cf. Wijsen et al., ESWW14

Distribution  of  4  MeV 
protons  after  the   
impulsive  injection  in 
the slow SW at 0.1AU.

Case 2

Case 1SW Vr and 

locations of 

injection zones

Distribution  of  4  MeV 
protons  after  injection 
in the CIR at 0.1AU.

Observer  near  inner 
boundary injection zone.



• EUHFORIA v. 1.0 ready
 Spheromak and GL flux rope incorporated, being tested
 Ensemble modeling supported 
 Forecasting operations at SIDC/ROB being tested
 Parameter studies for validation, accuracy tests ongoing
 Integrated in the VSWMC and coupled to other models

• Data-driven corona & FR model proceeding:
 Data-driven MFM simulations currently running
 Other FR CMEs being tested: TD, FRI3D,…
 Coupling NLFFF and magnetized CMEs, testing the estimation of magnetic 

parameters

• Towards integrated SEP event modeling:
 EUHFORIA combined with a Monte Carlo SEP transport model
 Plans to include Coronal Shock Acceleration (CSA) simulation model and SOLar 

Particle Acceleration in Coronal Shocks (SOLPACS) of Vainio, Afanasiev, et al.

Summary and outlook



Thank 
you!

Sponsors:
• ESA
• Prodex
• Belspo
• FWOVlaanderen
• KU Leuven, Univ. of Helsinki, ROB, Univ. of Graz
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