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Here the focus will be on 
forecasting direct interaction of 

plasma and magnetic field in solar 
wind transients (ICMEs and SIRs) 
with the Earth’s magnetosphere



For ICMEs and SIRs it takes usually  
between 1 to 5 days to propagate 

from the Sun to the Earth’s orbit 



Now-casting: using the near-Earth 
data (30 min – 1 hours lead times)

Long-lead time forecasting: using 
remote-sensing data and 
modelling (at least half a day lead 
times)



ICMEs & SIRs: reminder from Day1

ß Kataoka and Miyoshi, 2006 Kilpua et al., 2017



Forecasting the properties of 
ICMEs and SIRs differ



1. Forecasting SIR properties 
(also important for forecasting CME 

propagation)



To forecast SIRs, one needs to 
model as realistically as possible 
the solar wind and its evolution 



Slow – Fast Stream Interaction Regions (SIRs)

Corona (< 21.5 Rs): 
§ Magnetic field: Potential Field Source Surface (PFSS) model, 

global magnetofrictional model 
§ Plasma: Wang-Sheeley-Arge model (flux tube expansion),  MHD 

based models (e.g. 1D MULTI-VP,  3D Coconut), … 

Heliosphere (> 21.5 Rs): Global magnetohyrdodynamics (MHD) 
models (EUHFORIA, ENLIL, SUSANOO etc) that evolve density, field, 
velocity and temperature in 3-dimensions 

Solar magnetograms



Synoptic maps
vertical axis: solar latitudes in 
respect to solar equator

horizonal axis: Carrington 
longitudes (360° at start of CR)

Carrington Rotation (CR): full 
rotation of the Sun, first started 
November 9, 1853 (now we are at 
CR2284).

Building the maps: 
constructed from daily 
maps assuming that Sun 
rotates as a rigid body and 
using certain weighting 
factors (https://nso.edu/data/nisp-
data/synoptic-maps/)
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Synoptic maps represent the whole field over 27.7 days. E.g., from Wilcox Solar 
Observatory (WSO), Global Oscillation Network Group (GONG). ADAPT* maps are 

produced by applying a flux transport model and data assimilation techniques. 

*Air Force Data Assimilative Photospheric Flux Transport



Hinterreiter  al. 2019

EUHFORIA space weather model

EUHFORIA: Pomoell & Poedts, 2018



EUHFORIA Example (with WSA)

Force Data Assimilative Photospheric Flux Transport (

Hinterreiter  al. 2019



Synoptic maps/coronal holes
Different coronal 

hole detection 
methods (EUV data) 
can lead to different 
coronal hole areas 

and even to 
different 

detections* (Linker 
et al., 2021)

*open flux STD 26% with effect from 
magnetogram uncertainty ~46%



Synoptic maps/coronal holes

The used magnetograms have a significant effect to CH area (Li et 
al., 2021)

SDO/AIA 
HMI                      GONGb               ADAPT05

Solar Orbiter will soon provide more accurate measurements of the polar 
magnetic fields à better estimation of coronal holes. 



Source Surface / Coronal Hole Area

Force Data Assimilative Photospheric Flux Transport (

One key parameter in PFSS is 
the source surface height 
(𝑅!!).  SS is a spherical shell 
whose radius is 𝑅!! (in reality, 
may vary in different areas). 

SS too low: open flux overestimated à 
coronal holes area overestimated

Samsara et al., 2021
SS too high: open flux under-estimated à 
coronal hole area underestimated

𝑅!! = 3.0 𝑅!! = 2.5 𝑅!! = 1.7

𝐑𝐒𝐒 

Asvestari et al., 2021

open field
closed field

open field 
crosses SS

closed field 
closes within SS

Purely 
radial field



2. Forecasting ICME properties



1.   Intrinsic flux rope (FR) properties
2. Heliospheric evolution and distortions, 

including sheath formation



Intrinsic FR Properties

o Kinematic (speed, acceleration)

o Geometric (size, tilt)

o Magnetic properties (helicity 
sign, axis orientation, axial 
field direction, magnetic flux)

§ Multipoint observations: 3D 
reconstructions, e.g., Gradual 
Cylindrical Shell  (Thernisien, Vourlidas 
& Howard 2009)

§ Single-point observations: Line-
off-sight obs. subject to projection 
effects, off-angle obs. give more 
realistic estimate

§ Indirect proxies*
§ Data-driven modelling

*no direct remote-sensing obs. as the corona is very hot 
and tenuous à spectral lines broaden). 



Geometric Fittings

Kilpua et al., 2019



In-direct FR B-field proxies

§ Axial field direction: EUV dimmings 
(footpoints) + magnetograms (field 
direction)

§ Helicity sign: hemispheric rule 70%  
(north negative, south: positive), 
sigmoids, flare ribbons, filament details

§ Axial tilt: polarity inversion line (PIL), 
post-eruption arcades (PEA)

§ Magnetic flux: pre-eruptive (flux 
cancellation upon formation) + added flux 
(flare ribbon/PEA analysis, core dimming)

Hinode/XRT Soft X-rayHinode/SOT 6563 
Å

flare ribbons sigmoids

PEAPIL

Palmerio et al., 2017; 2018, Sarkar et al., 2020

Magnetic structure of flux ropes

Figure 5. Left: HMI magnetogram showing the PIL approximated as a straight line (in red).
Right: Base-di↵erence image of the region in 131 Å saturated to ±70 DN s�1 pixel�1 overlaid
with HMI magnetogram contours saturated to ±200 G (blue is used for the negative polarity
and red for the positive polarity). The di↵erence has been taken between the images at 13:55
UT and at 10:30 UT on 14 June. The dimming regions (indicators of the flux rope footpoints)
have been circled in green. For a detailed description of the footpoints determination see
James et al., 2017. The field of view of all images is 35000⇥35000. The dates are shown as
YYYY-MM-DD in all panels.

where ✓ and � are again the latitudinal and longitudinal components of the
magnetic field, respectively.

The results of the MVA are shown in Figure 6, bottom panels. The ratio of
the intermediate-to-minimum eigenvalues is �2/�3 = 16, confirming the validity
of the method. The rotation shown in the Bmax�Binterm plane is now very clear
and is consistent with our visual inspection, i.e., the NES-type. The orientation
of the axis from the MVA is (✓A,�A) = (�28�, 98�). The tilt angle is thus almost
identical to the tilt of the PIL and suggests a low inclination flux rope.

The angle between the shock normal and the radial direction is ↵ = 12.1�,
which means that the spacecraft encountered the ICME close to the apex. The
perpendicular pressure profile (Figure 6f) shows a clear maximum around 17
June at 01:00 UT, which suggests that the spacecraft cut right through the
center of the ICME, i.e. group 1 (see Section 3.2).

Finally, we perform the GSR. The estimated speed of the ICME in GSE
coordinates in the de Ho↵mann-Teller frame is VdHT = [�462.8,�9.7,�17.0]
km s�1 with correlation coe�cient c = 0.996. The residual map of the event is
shown in Figure 7, left panel. The flux rope invariant axis has direction ⇥ = 6�

and � = 101�. The crossing distance from the flux rope nose can be estimated
from the longitude of the invariant axis. If a CME is crossed near its nose, the
invariant axis can be assumed to be almost perpendicular to the radial direction
from the Sun. The opposite applies when the CME is crossed through one of
its legs, i.e. the invariant axis tends to be parallel to the radial solar wind
flow. In this case, the longitude of the invariant axis suggests that the flux rope
was crossed fairly close to its apex, consistent with our shock normal analysis
above. Moreover, in agreement with the perpendicular pressure profile, the GSR
suggests that the flux rope was cut centrally with a very small impact parameter.

SOLA: fluxrope_FINAL.tex; 31 January 2017; 1:33; p. 17

+200 G
-200 G



B-field from data-driven modelling
§ photospheric magnetograms 

used as the input to extrapolate 
the field in the corona 

§ Nonlinear force-free field 
modelling NLFFF (static)

§ Magnetofrictional modelling (can 
be done time-dependently and 
computer efficiently)

§ MHD modelling (time-consuming, 
but includes plasma dynamics)

Realism versus computer 
efficiency and simplicity



Wagner et al., 2022; 2023; 2024/SWATNet project

Automated flux rope 
identification



Modelling Evolution in the Heliosphere

o Intrinsic FR properties can used to make the first estimate on 
geomagnetic response, constrain CME models in heliospheric 
simulations or in semi-empirical models

o Cone CME model does not have internal field, but gives 
information of CME’s impact, speed, density and field magnitude

o  Several magnetized CME models are implemented e.g., in 
EUHFORIA



Cone model predictions

NOAA predictions



Magnetized CME models

‘symmetry axis’
‘magnetic axis’

Courtesy: Jens Pomoell



EUHFORIA example (with magnetized CME)

“negative Bz”

“positive Bz”

Asvestari et al., A&A, 2021
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EUHFORIA simulation with  a 
spheromak CME

in-situ (STA)

EUHFORIA (0°)

EUHFORIA (−5°)

EUHFORIA (−10°)

EUHFORIA (−15°)

EUHFORIA (−20°)

in-situ data compared 
with the virtual spacecraft 

at different longitude

à Bz profile is sensitive to 
how the spheromak is cut (5 
degrees makes a difference!) 



Sarkar et al., on-going work

ecliptic

ecliptic

à Uncertainty in Bz predictionsignificantly reduces in the absence of large rotation

Sarkar et al., 2024

Consequences to geoeffectivity



à Uncertainty in Bz prediction significantly reduces in the absence of large rotation

meridional

Sarkar et al., 2024

Consequences to geoeffectivity



Challenges in forecasting FR properties 
CME deflection in longitude and latitude

Kilpua et al., 2009



Challenges in forecasting FR properties 
CME deflection in longitude and latitude

A&A proofs: manuscript no. paper_ac

Table 1. CH parameters.

Case B0 D W

(G) (Mm) (Mm)
1 0.4 150 400
2 �0.4 150 400
3 0.8 150 400
4 �0.8 150 400
5 1.2 150 400
6 �1.2 150 400
7 1.6 150 400
8 �1.6 150 400
9 0.8 250 400
10 �0.8 250 400
11 0.8 350 400
12 �0.8 350 400
13 0.8 150 300
14 �0.8 150 300
15 0.8 150 500
16 �0.8 150 500
17 0.8 150 600
18 �0.8 150 600

Notes. Parameter B0 is the CH magnetic field strength, D its distance to
the FR, and W is related to its width.

↵ = miGM�
2kB

, and NA is the Avogadro number. The internal pres-
sure of the FR is obtained by proposing a solution close to the
equilibrium:

pFR(x, y) = P(x, y) + 1
c

Z
r+ �2

R

B�(R0) jz(R0)dR
0

� 1
c

Z
r+ �2

R

Bz(R0) j�(R0)dR
0. (15)

The associated densities are obtained from the equation of state,
i.e.:

⇢ = miP(x,y)
2kBT (y) . (16)

2.3. Setup

To perform a 2.5D simulation we assume that the FR and the CH
have a symmetry in the z-direction. A FR of characteristic length
L0 ⇠ 500 Mm (Berger 2014) is large enough to make the symme-
try assumption appropriate. Given this characteristic length L0,
the CHs result in areas (A ⇠ wL0) between 7.5 ⇥ 104 Mm2 and
1.5 ⇥ 105 Mm2 (Hofmeister et al. 2017; Heinemann et al. 2019).

We select the same model parameters as in S20 (see their
Sec. 2.5 for more details). We vary the CH parameters as in Ta-
ble 1 to obtain a set of 18 simulations, which are run with two
di↵erent FRs to obtain more general results. The initial parame-
ters describing FR1 and FR2 simulations are listed in Table 2.
Cases in Table 1 with positive (negative) magnetic strength B0
are aligned (anti-aligned), meaning that the FR footpoint which
is nearest to the CH has positive (positive) polarity, as shown in
the left (right) top panel of Fig. 2. Note that the left panels of
this figure are equivalent configurations (aligned), as are those
on the right (anti-aligned). It is the relative polarity alignment
what provides the di↵erent scenarios. The cases in the two upper
panels represent the two possible relative FR-CH polarities.

Table 2. Initial state parameters.

Parameter Value
FR1 FR2

j0 (stA cm�2) 435 295a

j1 (stA cm�2) 455 300
TFR (MK) 1 4
nc (cm�3) 3 ⇥ 108 4.5 ⇥ 108

nCH (cm�3) 2 ⇥ 108

h0 (Mm) 30
r (Mm) 2.5
� (Mm) 0.25
d (Mm) 3.125
M 1

Notes. Parameters j0 and j1 are the current densities inside the flux-rope
in the z-direction and �-direction, respectively, TFR is the internal FR
temperature, nc is the numerical density at the base of the corona, nCH is
the numerical density for the CH, h0 is the vertical position (height) of
the FR, r is its radius, and � is the thickness of the transition layer be-
tween the FR interior and the corona. Parameters d and M are the depth
of the line dipole below the boundary surface and its relative intensity,
respectively.
(a) The value j0 for FR2 was corrected because of a typo error in S20.

Fig. 2. Relative polarity scheme. The left panels show cases with
aligned FR and CH polarities, for which a null point (green circle) forms
on the opposite of the CH. Right panels show the anti-aligned config-
uration, for which the minimum forms between the FR and CH. The
forces F acting on the FR centre are directed towards the null point.
The green ⇥ symbols indicate the site of reconnection.

2.4. Results

As we mentioned in S20, a minimum magnetic energy region
(hereafter null point) arises at the position where the magnetic
field of the CH and FR counteracts (green circles of Fig. 2).
The FR-CH aligned polarity cases with positive B0, have the null
point to the left of the FR (negative x-positions, see top left panel
of Figure 2); while the FR-CH anti-aligned polarity cases with
negative B0, have the null point to the right of the FR (positive
x-positions, see top right panel of Figure 2). We note that the
anti-aligned cases have the null point between the FR and the
CH. For both configurations, we calculate the forces acting on
the FR centre at t = 0 s. We find that the magnetic force is the
main contribution to the total force. The magnetic force of the
simulated cases always points towards the magnetic null point,
initially deflecting the FR towards this position. In the aligned

Article number, page 4 of 10

Sahade et al., 2021

– 56 –

Fig. 9.— Each panel shows the latitude and longitude at 10 R� of 100 individual ForeCAT

CMEs with varying masses and final propagation velocities. All CMEs were initiated at

the location of CME 2029A (Fig. 9(a)), CME 2077A (Fig. 9(b)), CME 2029b (Fig. 9(c)),

or CME 2077a (Fig. 9(d)). The circle size represents the CME mass (larger being more

massive) and the color fill represents the CME velocity. The background color contours

show the radial magnetic field at 1.05 R�, showing the location of the ARs, and the line

contours show the total magnetic field strength at the source surface height, 2.5 R�, which

indicates the location of the HCS.

Kay et al., 2015

à fast and massive CME deflect least

size: CME mass
source

à Field direction between FR and 
ambient dictate the direction 

Null point



Challenges in forecasting FR properties 
CME deflection in longitude and latitude

à Slow CMEs deflect to the west, fast ones to the east

Wang et al., 2004



Challenges in forecasting FR properties 
CME rotation

Thompson et al., 2012

CME on April 9, 2008
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Leading edge height (solar radii)

Fast rotation occurs typically 
very low in the corona (where 
magnetic forces are strong)

Some CMEs rotate very fast and 
over a large angle (> 90°), e.g. 
Vourlidas et al., 2011

The sense of the rotation 
depends on the helicity sign of 
the erupting FR (e.g. Zhou et al., 
2022)



Challenges in forecasting FR properties 
CME erosion

A significant amount of magnetic flux can erode during interplanetary propagation (up 
to ~50% by 1 au) (e.g. Ruffenach et al, 2015, Pal et al., 2021)

Stamkos et al., 2023



Challenges in forecasting FR properties 
CME – CME interactions 

CME1CME2

CME1CME2

(e.g. Manchester et al., 2017; Lugaz et 
al., 2017; Kilpua et al., 2019)

fields at the contact point 
in the same direction à 

compression à larger 
field

fields at the contact point 
in the opposite direction 
à reconnection à lower 

field (complex ejecta)

Kilpua et al., 2019

Venus

Earth

Kilpua et al., 2019 à



Challenges in forecasting FR properties 
CME – SIR/HSS interactions 

o SIR/fast stream behind a CME compresses it

o Geomagnetic reponse depends strongly on the FR type

Finally CMEs and SIRs merge into large compound structures

§ NS-type FR + SIR/HSS à southward fields compress à stronger storm 

§ SN-type FR + SIR/HSS à northward fields compress à no effect

e.g. Fenrich and Luhmann, 1994; Kilpua et al., 2012



Challenges in forecasting FR properties 
Preconditioning of the heliosphere

A CME /CMEs propagate(s) in the low-density 
wake of the previos CME(s) 
à minimal drag 
à minimal deceleration 
à higher speed and field maintained 
à “perfect (major) storm” (e.g., Liu et al., 2014)



Forecasting sheath fields 

Field variations tend to occur parallel to a single plane due to draping of 
the IMF and amplification and alignment of pre-existing discontinuities 
at the shock (e.g., Jones and Balogh, 2002; Kataoka et al., 2005). Planar 

parts are the most geoeffective  (Palmerio et al., 2016)

1286 E.K.J. Kilpua et al.

Fig. 10 Formation of planar
magnetic structures in an ICME
sheath. Figure is from Jones et al.
(2002)

shock transition, i.e., the compression of the pre-existing southward IMF and the deflection
of the IMF, and (2) draping of the IMF around the CME.

Figure 9 shows how the direction of the out-of-ecliptic magnetic fields in the sheath
depends on the upstream field direction and the CME propagation direction. Panel (a) is
from Gosling and McComas (1987) for the radial IMF. According to their “Bz forecasting
rule” geoeffective sheaths occur when the IMF points away (towards) the Sun and the CME
passes southward (northward) of the Earth. The applicability of this technique to predict
the dominant sign of BZ in ICME sheaths was tested by McComas et al. (1989) for 17 fast
ICMEs. The authors found that the rule predicted correctly the sign of the BZ perturbation
for 13 events (76%). It was however noted that from the initial set of 26 fast ICMEs nine did
not exhibit clear change in the average BZ upstream of the shock to the ICME leading edge,
hence decreasing the amount of events for which this technique can be applied. The Gosling
and McComas (1987) scenario was extended by Siscoe et al. (2007) to take into account the
Parker spiral type configuration. The results from their global MHD simulation are shown
in Fig. 9b. The plot shows that the strongest out-of-ecliptic magnetic fields are found at the
eastern flank of the CMEs (the area outside the ellipse that corresponds the ICME). This
implies that the eastern flank of the ICME would be more geoeffective, and as suggested by
the authors, could explain the known greater geoeffectiveness of CMEs originating from the
western hemisphere (e.g., Wang et al. 2002). The magnetic field variations related to shock
processes and draping effects occur typically parallel to a single plane called as “planar
magnetic structures” (e.g., Jones and Balogh 2000; Jones et al. 2002; Palmerio et al. 2016)
(see Fig. 10). Palmerio et al. (2016) showed that the planar parts of the sheath are associated
with considerably larger out-of-ecliptic fields than non-planar parts, and are, hence, expected
to be the most geoeffective.

The shock angle (i.e., the angle between the shock normal and the upstream magnetic
field) has a big influence on how geoeffective the following structure will be. For example,
Jurac et al. (2002) studied 107 fast forward shocks observed by Wind in the near-Earth solar
wind. The authors showed that regardless of the shock driver 40% of quasi-perpendicular
fast forward shocks were associated with an intense storm within 48 hours from the shock
passage compared to only 10–15% for quasi-parallel shocks. Quasi-perpendicular and -
parallel shocks have different internal structure, because the shock angle (θBn) controls the
behavior of the particles incident to the shock. Quasi-parallel shocks feature an extended
foreshock and wave activity, and as a consequence, the shock transition is more gradual
than at quasi-perpendicular shocks (e.g., Bale et al. 2005; Burgess et al. 2005; Lucek et al.
2008; Kilpua et al. 2015a). Examples of quasi-perpendicular and parallel shocks are shown
in Fig. 11.

In addition, the shock impact angle (i.e., the angle between the shock normal and the
Sun–Earth line) affects the geomagnetic response. Frontal shock collisions compress the
whole magnetosphere symmetrically, while inclined collisions lead to an asymmetric col-
lision (e.g., Samsonov et al. 2015). According to global MHD simulations performed by



Challenge of predicting sheath fields
o Sheath properties depend strongly both on the background solar 

wind and driving characteristics
o Form gradually as CME propagates and expands from Sun to 

Earth 
o Large variations from shock to the ejecta leading edge
o Small scale and kinetic properties / processes are important



Four CMEs here coming 
towards the Earth! (two 
intersting pairs)

(fastest one still to be 
launched)



The first pair of merged 
CMEs hitting centrally 
the Earth

The fastest CMEs just 
launched and catching 
the other pair of merged 
CMEs



Fastest one
(flank)

fastest one (flank)
Multiple merged CMEs (4?)

merged



Flank encounter





Summary
o Forecasting of geoffects from SIRs and ICMEs is highly 

challenging
o Long-lead time forecasts require using remote-sensing solar 

observations and modelling (first-principle simulations, semi-
empirical, …) 

o A wide variety observations are needed (magnetograms, EUV, 
white-light, X-rays, …)

o Lack of direct magnetic field observations is a severe issue for 
reliable forecasts



Summary
o CME evolution and interactions complicate the predictions 

(intrinsic properties + modifications in interplanetary space)
o Turbulent sheath structure is also challenging to forecast


