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Two review papers on solar wind drivers
o Kilpua, E.K.J., H.E.J. Koskinen, H.E.J., T.I. Pulkkinen, Coronal mass 

ejections and their sheath regions in interplanetary space, Living Reviews 
in Solar Physics, 2017

o Kilpua, E.K.J., A. Balogh, R. von Steiger, and Y. Liu, Geoeffective 
Properties of Solar Transients and Stream Interaction Regions, Space Sci. 
Review, 2017 (ISSI workshop in Bern, June 2016)

Fully open access text book of the physics, theory and 
observations of radiation belts: Koskinen & Kilpua, 
Physics of Radiation Belts
https://link.springer.com/book/10.1007/978-3-030-82167-8

https://link.springer.com/book/10.1007/978-3-030-82167-8


ICME: Structure & Scale Sizes

o Fast Forward Shock: 
Instantaneous (radial)

o Sheath: ~9 hours / 0.1 au

o Ejecta: ~1 day / 0.3 au



Stream 
Interface (SI)

Earth

Sun

SIR: Structure & Scale Sizes
o Fast Forward Shock*: 

instantaneous (radial)
o SIR (~1 day)
o Fast Reverse Shock*: 

instantaneous
o Fast stream** (several days)
*typically not fully developed at Earth’s orbit

**not all SIRs are followed by a fast stream, but 
there is a speed gradient



Sheath

o Enhanced field
o smoothly changing field
o low dynamic pressure

o highly variable field
o high dynamic pressure

Ejecta

o Simultaneous jump in plasma 
and field parameters

Sheath & Ejecta: Properties

ICME

Shock



o ICMEs exhibit a large variety of properties

o E.g., magnetic field vary from a few to ~100 nT (very rarely > 40 nT at 1 AU), 
and speeds from ~250 km/s to a few thousands of km/s.

o Magnetic structure varies from coherent magnetic clouds to complex ejecta

Left) Peak and average 
magnetic field magnitudes

Right) Average speed and 
expansion speed (leading to 
trailing edge speed gradient)

From the ICMECAT catalogue

Variability of ICMEs



B [nT]

BGSE [nT]

beta

magnetic cloud
Observational signatures
o Enhanced magnetic field (typically 
≳10 nT)

o Smooth rotation of the field 
diretion

o Low temperature/ depressed 
plasma beta (≲ 0.1)

(Burlaga et al. 1981)

Magnetic Cloud (MC): Observational Definition



Lepping et al., 1990:  Least-
square method to fit the 

constant α solution 
(Lundquist solution) to the 

magnetic field data. 

In the first approximation magnetic 
clouds (MCs) can be represent as force-
free cylindrically symmetric  magnetic 
flux ropes* (Burlaga, 1988).

Flux Rope: Physical Configuration

constant α solution of ∇×𝐁 ≈ α(𝑟)𝐁 → Helmholtz equation 
∇! + α! 𝐁 = 0 → solution given in terms of Bessel functions

Lundquist fitting

• Solutions given by Bessel functions 𝐽0 and 𝐽1:

Axial component: 𝐵𝐴 = 𝐵0𝐽0(𝛼𝑅)
Tangential component: 𝐵𝑇 = 𝐻𝐵0𝐽1(𝛼𝑅)
Radial component: 𝐵𝑅 = 0
(𝑅 is radial distance from axis, handedness 𝐻 = ±1)

• Simplest version is linear (i.e., constant 𝛼) with 
circular rope cross-section

• First used to fit MC structure by Burlaga (1988) and 
Lepping et al. (1990)

*structure where field lines wind about a common axis



a) annual rate of all ICMEs and magnetic clouds
b) ICMEs and ICMEs driving the shock 
c)  ratio of magnetic clouds to all ICMEs and ratio of ICMEs 

driving a shock to all ICMEs with the sunspot number 

Shen et al., 2015

Data: Lagrangian point L1 by the ACE spacecraft

ratio magnetic clouds to all ICMEs 
ratio shock driving ICMEs to all ICMEs

Fraction of MCs anti-correlates with solar activity 
à ICMEs have a more complex structure at solar 
maximum while near solar minimum nearly all 
ICMEs are MCs

Fraction of MCs from all ICMEs
About one-third of ICMEs are magnetic clouds



Observed field rotation within 
a FR varies depending on the 
o magnetic helicity sign
o direction of the axial field
o tilt of the axis
(e.g. Bothmer & Schwenn 1998; Mulligan,  
Russell, & Luhmann1998)

Flux rope types are based on 
the behaviour of the north – 
south (Bz) component 
(geoeffectivity)

Flux Rope (FR) Types

Palmerio et al., 2018

helicity sign (or chirality) tells the 
sense magnetic field winds 
LH/-: clockwise rotation
RH/+: counter-clockwise rotation



Flux Rope Types and  solar source

Determined upon eruption 
from the coronal source 
region, varies with 22-year 
solar magnetic cycle (but 
may change significantly 
during interplanetary 
propagation!)

filament flux rope

Bothmer & Schwenn 1998



Depending on the flux rope type geomagnetic response 
can vary from quiet to a major storm. 

intense quiet

flux rope flux rope

B [nT]

Bx,By,Bz

Dst [nT]

Bcomp 
[nT]

Bz: South à North Bz: North

Geoffectivity: Magnetic Clouds



Flux Rope Types and Geoffectivity
K. E. J. Huttunen et al.: Properties and geoeffectiveness of magnetic clouds 637
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Fig. 13. Solar wind parameters and geomagnetic indices for a 3-day
interval from 12–14 October 2000 measured by ACE. The figures
from top to bottom are the same as in Fig. 9.

of the solar disk (N00E18) at 07:52 UT and 08:31 UT. Addi-
tionally, H↵ images show a disappearance of a large filament
structure south of the active region.

4.3.2 Main phase development

Kamide et al. (1998) suggested that the two-step develop-
ment of Dst that is present for more than 50% of intense
storms can be caused when southward Bz fields are present
both in the sheath and in the MC. For SN-type MCs the av-
erage time difference between the Dst peaks was small (7 h)
because of the close spatial proximity of the sheath fields and
the southward Bz in the MC.
For NS-type MCs the separation between southward Bz

fields in the sheath and in the MC can be so large thatDst has
enough time to recover to non-storm values and two separate
magnetic storms follow. Figure 13 shows an NS-type MC
that was observed by ACE during 13–14 October 2000. The
shock arrived at ACE at 21:36 UT on 12 October. The sheath
caused a moderate storm with theDst minimum�71 nT (D⇤

st

�81 nT) on 13 October, 06:00 UT. The southward Bz in the
trailing part of the MC caused an intense storm, with the
Dst minimum was �107 nT (D⇤

st
�105 nT) on 14 October

15:00 UT. The time difference between the two Dst minima
was 34 h.
Another NS-type MC that caused two separate magnetic

storms occurred on 28–29 July 2000. The storm caused by
the sheath had the Dst minimum of �51 nT (D⇤

st
�60 nT)

and 27 h later the MC caused a Dst minimum of �71 nT
(D⇤

st
�79 nT). From the remaining seven identified NS-type

MCs, one caused an intense storm (30 September – 1 Au-
gust 2002), but there was no significant southward Bz in the
sheath; four mcs were not geoeffective at all and in two cases
only sheath fields caused the storm.
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Fig. 14. The effect of the flux rope type to the geoeffectivity. Num-
bers in the parentheses show the total numbers of MCs identified in
each category. Different colors demonstrate the different geomag-
netic response: no storm at all, Dst>�50 nT (black); sheath region
generated a storm (dark gray); MC caused a moderate storm (light
gray); MC caused an intense storm (white).

4.4 Geomagnetic response of MCs with different flux rope
types

Figure 14 summarizes the geomagnetic response of MCs be-
longing to different flux rope categories. The pie-diagrams
in the top part of the figure show the distribution for bipolar
MCs. In more than half of the events either the sheath region
caused the storm or no significant activity at all was gener-
ated. It is interesting to note that when geoeffective, the SN
type MCs caused more intense storms than moderate storms.
For bipolar MCs the respond depends clearly on the direc-

tion of the magnetic field on the axis. In total we identified
15 S-type MCs. As seen from Fig. 14 all of them caused
a storm: nine caused an intense storm (23 November 1997;
18 February 1998; 9 November 1998; 13 November 1998;
20 March 2001; 22 April 2001; 3 October 2001; 30 October
2003; 20 November 2003) and six caused a moderate storm
(27 May 1999; 17 April 1999; 23 August 1999; 5 March
2001; 29 February 2002; 20 March 2003).
From 12 N-type MCs none caused a storm. However, for

eight N-type MCs the sheath region preceding the MC gen-
erated a storm. Half of these were intense magnetic storms.
For example, the sheath preceding the N-type MC on 25–26
September 1998 caused an intense magnetic storm with the
Dst minimum �207 nT.

5 Discussion

We have investigated the properties of 73 MCs identified
from WIND and ACE measurements during 1997–2003,
covering rising, maximum and early declining phases of so-
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Fig. 13. Solar wind parameters and geomagnetic indices for a 3-day
interval from 12–14 October 2000 measured by ACE. The figures
from top to bottom are the same as in Fig. 9.

of the solar disk (N00E18) at 07:52 UT and 08:31 UT. Addi-
tionally, H↵ images show a disappearance of a large filament
structure south of the active region.

4.3.2 Main phase development

Kamide et al. (1998) suggested that the two-step develop-
ment of Dst that is present for more than 50% of intense
storms can be caused when southward Bz fields are present
both in the sheath and in the MC. For SN-type MCs the av-
erage time difference between the Dst peaks was small (7 h)
because of the close spatial proximity of the sheath fields and
the southward Bz in the MC.
For NS-type MCs the separation between southward Bz

fields in the sheath and in the MC can be so large thatDst has
enough time to recover to non-storm values and two separate
magnetic storms follow. Figure 13 shows an NS-type MC
that was observed by ACE during 13–14 October 2000. The
shock arrived at ACE at 21:36 UT on 12 October. The sheath
caused a moderate storm with theDst minimum�71 nT (D⇤

st

�81 nT) on 13 October, 06:00 UT. The southward Bz in the
trailing part of the MC caused an intense storm, with the
Dst minimum was �107 nT (D⇤
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�105 nT) on 14 October

15:00 UT. The time difference between the two Dst minima
was 34 h.
Another NS-type MC that caused two separate magnetic
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gray); MC caused an intense storm (white).

4.4 Geomagnetic response of MCs with different flux rope
types

Figure 14 summarizes the geomagnetic response of MCs be-
longing to different flux rope categories. The pie-diagrams
in the top part of the figure show the distribution for bipolar
MCs. In more than half of the events either the sheath region
caused the storm or no significant activity at all was gener-
ated. It is interesting to note that when geoeffective, the SN
type MCs caused more intense storms than moderate storms.
For bipolar MCs the respond depends clearly on the direc-

tion of the magnetic field on the axis. In total we identified
15 S-type MCs. As seen from Fig. 14 all of them caused
a storm: nine caused an intense storm (23 November 1997;
18 February 1998; 9 November 1998; 13 November 1998;
20 March 2001; 22 April 2001; 3 October 2001; 30 October
2003; 20 November 2003) and six caused a moderate storm
(27 May 1999; 17 April 1999; 23 August 1999; 5 March
2001; 29 February 2002; 20 March 2003).
From 12 N-type MCs none caused a storm. However, for

eight N-type MCs the sheath region preceding the MC gen-
erated a storm. Half of these were intense magnetic storms.
For example, the sheath preceding the N-type MC on 25–26
September 1998 caused an intense magnetic storm with the
Dst minimum �207 nT.

5 Discussion

We have investigated the properties of 73 MCs identified
from WIND and ACE measurements during 1997–2003,
covering rising, maximum and early declining phases of so-
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of the solar disk (N00E18) at 07:52 UT and 08:31 UT. Addi-
tionally, H↵ images show a disappearance of a large filament
structure south of the active region.

4.3.2 Main phase development

Kamide et al. (1998) suggested that the two-step develop-
ment of Dst that is present for more than 50% of intense
storms can be caused when southward Bz fields are present
both in the sheath and in the MC. For SN-type MCs the av-
erage time difference between the Dst peaks was small (7 h)
because of the close spatial proximity of the sheath fields and
the southward Bz in the MC.
For NS-type MCs the separation between southward Bz

fields in the sheath and in the MC can be so large thatDst has
enough time to recover to non-storm values and two separate
magnetic storms follow. Figure 13 shows an NS-type MC
that was observed by ACE during 13–14 October 2000. The
shock arrived at ACE at 21:36 UT on 12 October. The sheath
caused a moderate storm with theDst minimum�71 nT (D⇤

st

�81 nT) on 13 October, 06:00 UT. The southward Bz in the
trailing part of the MC caused an intense storm, with the
Dst minimum was �107 nT (D⇤

st
�105 nT) on 14 October

15:00 UT. The time difference between the two Dst minima
was 34 h.
Another NS-type MC that caused two separate magnetic

storms occurred on 28–29 July 2000. The storm caused by
the sheath had the Dst minimum of �51 nT (D⇤

st
�60 nT)

and 27 h later the MC caused a Dst minimum of �71 nT
(D⇤

st
�79 nT). From the remaining seven identified NS-type

MCs, one caused an intense storm (30 September – 1 Au-
gust 2002), but there was no significant southward Bz in the
sheath; four mcs were not geoeffective at all and in two cases
only sheath fields caused the storm.
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netic response: no storm at all, Dst>�50 nT (black); sheath region
generated a storm (dark gray); MC caused a moderate storm (light
gray); MC caused an intense storm (white).

4.4 Geomagnetic response of MCs with different flux rope
types

Figure 14 summarizes the geomagnetic response of MCs be-
longing to different flux rope categories. The pie-diagrams
in the top part of the figure show the distribution for bipolar
MCs. In more than half of the events either the sheath region
caused the storm or no significant activity at all was gener-
ated. It is interesting to note that when geoeffective, the SN
type MCs caused more intense storms than moderate storms.
For bipolar MCs the respond depends clearly on the direc-

tion of the magnetic field on the axis. In total we identified
15 S-type MCs. As seen from Fig. 14 all of them caused
a storm: nine caused an intense storm (23 November 1997;
18 February 1998; 9 November 1998; 13 November 1998;
20 March 2001; 22 April 2001; 3 October 2001; 30 October
2003; 20 November 2003) and six caused a moderate storm
(27 May 1999; 17 April 1999; 23 August 1999; 5 March
2001; 29 February 2002; 20 March 2003).
From 12 N-type MCs none caused a storm. However, for

eight N-type MCs the sheath region preceding the MC gen-
erated a storm. Half of these were intense magnetic storms.
For example, the sheath preceding the N-type MC on 25–26
September 1998 caused an intense magnetic storm with the
Dst minimum �207 nT.

5 Discussion

We have investigated the properties of 73 MCs identified
from WIND and ACE measurements during 1997–2003,
covering rising, maximum and early declining phases of so-

Depending on the flux rope type geomagnetic response 
can vary from quiet to a major storm. 
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Fig. 13. Solar wind parameters and geomagnetic indices for a 3-day
interval from 12–14 October 2000 measured by ACE. The figures
from top to bottom are the same as in Fig. 9.

of the solar disk (N00E18) at 07:52 UT and 08:31 UT. Addi-
tionally, H↵ images show a disappearance of a large filament
structure south of the active region.

4.3.2 Main phase development

Kamide et al. (1998) suggested that the two-step develop-
ment of Dst that is present for more than 50% of intense
storms can be caused when southward Bz fields are present
both in the sheath and in the MC. For SN-type MCs the av-
erage time difference between the Dst peaks was small (7 h)
because of the close spatial proximity of the sheath fields and
the southward Bz in the MC.
For NS-type MCs the separation between southward Bz

fields in the sheath and in the MC can be so large thatDst has
enough time to recover to non-storm values and two separate
magnetic storms follow. Figure 13 shows an NS-type MC
that was observed by ACE during 13–14 October 2000. The
shock arrived at ACE at 21:36 UT on 12 October. The sheath
caused a moderate storm with theDst minimum�71 nT (D⇤

st

�81 nT) on 13 October, 06:00 UT. The southward Bz in the
trailing part of the MC caused an intense storm, with the
Dst minimum was �107 nT (D⇤

st
�105 nT) on 14 October

15:00 UT. The time difference between the two Dst minima
was 34 h.
Another NS-type MC that caused two separate magnetic

storms occurred on 28–29 July 2000. The storm caused by
the sheath had the Dst minimum of �51 nT (D⇤

st
�60 nT)

and 27 h later the MC caused a Dst minimum of �71 nT
(D⇤

st
�79 nT). From the remaining seven identified NS-type

MCs, one caused an intense storm (30 September – 1 Au-
gust 2002), but there was no significant southward Bz in the
sheath; four mcs were not geoeffective at all and in two cases
only sheath fields caused the storm.
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Fig. 14. The effect of the flux rope type to the geoeffectivity. Num-
bers in the parentheses show the total numbers of MCs identified in
each category. Different colors demonstrate the different geomag-
netic response: no storm at all, Dst>�50 nT (black); sheath region
generated a storm (dark gray); MC caused a moderate storm (light
gray); MC caused an intense storm (white).

4.4 Geomagnetic response of MCs with different flux rope
types

Figure 14 summarizes the geomagnetic response of MCs be-
longing to different flux rope categories. The pie-diagrams
in the top part of the figure show the distribution for bipolar
MCs. In more than half of the events either the sheath region
caused the storm or no significant activity at all was gener-
ated. It is interesting to note that when geoeffective, the SN
type MCs caused more intense storms than moderate storms.
For bipolar MCs the respond depends clearly on the direc-

tion of the magnetic field on the axis. In total we identified
15 S-type MCs. As seen from Fig. 14 all of them caused
a storm: nine caused an intense storm (23 November 1997;
18 February 1998; 9 November 1998; 13 November 1998;
20 March 2001; 22 April 2001; 3 October 2001; 30 October
2003; 20 November 2003) and six caused a moderate storm
(27 May 1999; 17 April 1999; 23 August 1999; 5 March
2001; 29 February 2002; 20 March 2003).
From 12 N-type MCs none caused a storm. However, for

eight N-type MCs the sheath region preceding the MC gen-
erated a storm. Half of these were intense magnetic storms.
For example, the sheath preceding the N-type MC on 25–26
September 1998 caused an intense magnetic storm with the
Dst minimum �207 nT.

5 Discussion

We have investigated the properties of 73 MCs identified
from WIND and ACE measurements during 1997–2003,
covering rising, maximum and early declining phases of so-
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of the solar disk (N00E18) at 07:52 UT and 08:31 UT. Addi-
tionally, H↵ images show a disappearance of a large filament
structure south of the active region.

4.3.2 Main phase development

Kamide et al. (1998) suggested that the two-step develop-
ment of Dst that is present for more than 50% of intense
storms can be caused when southward Bz fields are present
both in the sheath and in the MC. For SN-type MCs the av-
erage time difference between the Dst peaks was small (7 h)
because of the close spatial proximity of the sheath fields and
the southward Bz in the MC.
For NS-type MCs the separation between southward Bz

fields in the sheath and in the MC can be so large thatDst has
enough time to recover to non-storm values and two separate
magnetic storms follow. Figure 13 shows an NS-type MC
that was observed by ACE during 13–14 October 2000. The
shock arrived at ACE at 21:36 UT on 12 October. The sheath
caused a moderate storm with theDst minimum�71 nT (D⇤

st

�81 nT) on 13 October, 06:00 UT. The southward Bz in the
trailing part of the MC caused an intense storm, with the
Dst minimum was �107 nT (D⇤

st
�105 nT) on 14 October

15:00 UT. The time difference between the two Dst minima
was 34 h.
Another NS-type MC that caused two separate magnetic

storms occurred on 28–29 July 2000. The storm caused by
the sheath had the Dst minimum of �51 nT (D⇤

st
�60 nT)

and 27 h later the MC caused a Dst minimum of �71 nT
(D⇤

st
�79 nT). From the remaining seven identified NS-type

MCs, one caused an intense storm (30 September – 1 Au-
gust 2002), but there was no significant southward Bz in the
sheath; four mcs were not geoeffective at all and in two cases
only sheath fields caused the storm.
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Fig. 14. The effect of the flux rope type to the geoeffectivity. Num-
bers in the parentheses show the total numbers of MCs identified in
each category. Different colors demonstrate the different geomag-
netic response: no storm at all, Dst>�50 nT (black); sheath region
generated a storm (dark gray); MC caused a moderate storm (light
gray); MC caused an intense storm (white).

4.4 Geomagnetic response of MCs with different flux rope
types

Figure 14 summarizes the geomagnetic response of MCs be-
longing to different flux rope categories. The pie-diagrams
in the top part of the figure show the distribution for bipolar
MCs. In more than half of the events either the sheath region
caused the storm or no significant activity at all was gener-
ated. It is interesting to note that when geoeffective, the SN
type MCs caused more intense storms than moderate storms.
For bipolar MCs the respond depends clearly on the direc-

tion of the magnetic field on the axis. In total we identified
15 S-type MCs. As seen from Fig. 14 all of them caused
a storm: nine caused an intense storm (23 November 1997;
18 February 1998; 9 November 1998; 13 November 1998;
20 March 2001; 22 April 2001; 3 October 2001; 30 October
2003; 20 November 2003) and six caused a moderate storm
(27 May 1999; 17 April 1999; 23 August 1999; 5 March
2001; 29 February 2002; 20 March 2003).
From 12 N-type MCs none caused a storm. However, for

eight N-type MCs the sheath region preceding the MC gen-
erated a storm. Half of these were intense magnetic storms.
For example, the sheath preceding the N-type MC on 25–26
September 1998 caused an intense magnetic storm with the
Dst minimum �207 nT.

5 Discussion

We have investigated the properties of 73 MCs identified
from WIND and ACE measurements during 1997–2003,
covering rising, maximum and early declining phases of so-

Huttunen et al., 2005



Sheaths and magnetic clouds 
can cause storms independent 

of each other or combined 
storms

Sheaths tend to cause strong 
high-latitude activity (AE), 
magnetic clouds are more 
effective in enhancing low 

latitude currents (ring current, 
Dst)

B [nT]

Bx,By,Bz [nT]

Np [cm-3]

V [km/s]

Dst [nT]

AE [nT]

sheath flux rope

Geoffectivity of sheaths / magnetic clouds



SIR Properties
SIR 
o highly variable field
o high dynamic 

pressure
o ‘sheath’-like

Fast stream 
o Alfvenic fluctuations
o Low dynamic 

pressure
o Low magnetic field

Stream Interface
B [nT]

Bx,By,Bz [nT]

Np [cm-3]

V [km/s]

Tp [eV]



ICMEs and sheaths cause the 
strongest (southward) 
magnetic fields in the solar 
wind
Sheaths and SIRs have the 
highest dynamic pressure and 
field variability

Sheath 
Ejecta

SIR
High Speed Stream (HSS)

à large spread of solar wind 
parameters influencing the 
Earth

Kilpua et al., 
SSR, 2017

à Different structures cause 
highly different forcing

Storm drivers: ICME vs. SIR + HSS



Storm drivers: ICME vs. SIR + HSS
(subsolar) magnetopause

sheath ejecta

Hours from the shock

Sheaths compress 
strongly the 

magnetosphere!



Richardson and Cane, 2010

The rate of storms caused by ICMEs 
peaks near solar maximum. ICMEs drive 
practically all large and major storms 
because they can have the largest and 

most sustained southward IMF.  

The rate of storms caused by SIRs peaks 
at the declining phase and solar 

minimum. SIRs drive mostly 
small/medium storms. The have 

typically weaker fields and the magnetic 
field direction fluctuates rapidly

Storm drivers: ICME vs. SIR + HSS



Dst

Alfvénic fast stream

SIR

shock

Dst

sheath

ejecta

Alfvénic fast stream

time

time

SIR-driven storm: 
o Weak and moderate storms
o Relatively long recovery phases because 

SIRs are typically followed by a faster 
stream.  

ICME-driven storm: 
o Often two-step storms with the sheath 

causing the first dip and ejecta the 
second. 

o Timing depends also on the magnetic 
structure of the flux rope. Fast initial 
recovery but can be prolonged by a fast 
stream. 

Storm Sudden
Commencement

Main 
Phase

Recovery 
Phase

ICMEs, SIRs & storm phases



higher flux in the declining phase of the solar cycle [Miyoshi
et al., 2004] where 4 of 6 CIR-associated storm events
occurred. Table 4 shows the yearly averaged occurrence
probabilities from 1996 to 2004. The averaged occurrence
probabilities during the years of CIR-associated storms
(1996, 1998, 2002, 2003, 2004) and CME-associated storms
(1997--2004) are 45% and 34%, respectively, and are more
consistent with the larger prestorm probabilities for CIR-
associated storms (50%) than for CME-associated storms
(25%).

5. Discussion
[22] Using a superposed epoch analysis centered on

shocks and stream interfaces for CME- and CIR-associated
storms, respectively, we quantitatively examined the aver-
age variations of the solar wind and magnetospheric
parameters (Figures 3 and 4), the responses of radiation
belt electrons (Figures 5 and 6), and the occurrence proba-
bility of the NOAA/SEC electron flux alert (Figure 7). These
results themselves are important as a guideline to under-
stand the relationship between the solar wind parameters
and the solar wind structures, and useful for operational
spaceweather forecasts bymakingprobabilistic predictions
of killer electrons.
[23] On average, CIR-associated storms are found to be

more effective in producing flux enhancements at geosyn-
chronous orbit than are CME-associated storms. This is
consistent with the results obtained by Dmitriev et al. [2005]
and Miyoshi and Kataoka [2005]. As the most important
cause of this effectiveness of CIR-associated storms at

geosynchronous orbit, we suggest the fluctuating electric
field associated with the Alfvénic turbulence embedded in
the high-speed coronal hole stream. Tsurutani et al. [2006]
explained that such a solar wind structure usually causes a
particular type of magnetospheric phenomenon called
‘‘High-Intensity Long-Duration Continuous AE Activi-
ties’’ (HILDCAAs), which is a suitable magnetospheric
condition for the flux enhancement. Conversely, the rea-
son why CME-associated storms cannot produce the flux
enhancement as frequently as CIR-associated storms do is

Figure 6. L ! t diagrams of >300 keV electrons measured by the NOAA/POES satellites,
superposed about shocks and stream interfaces during (left) CME- and (right) CIR-associated
storms, respectively. Averaged log10 flux is color coded from blue to red. Averaged Dst is also
shown in the bottom plots. The gray region indicates the standard deviation.

Figure 7. Occurrence probability of GOES >2.0 MeV
electron flux alert with >103 pfu after shocks and
stream interfaces for CME- (red) and CIR-associated
storms (blue), respectively.
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For CME-driven storms 
fluxes recover slower (~ 
day later) than for SIR-
associated storm. 
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SIR driven storms attain 
higher level of fluxes 
and the enhancement is 
broader.
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of killer electrons.
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explained that such a solar wind structure usually causes a
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son why CME-associated storms cannot produce the flux
enhancement as frequently as CIR-associated storms do is
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sheath sheathejecta ejecta

upper quartile
median
lower quartile 

Sheaths in this data set 
are clearly less 
geoeffective than ejecta 
in terms of SYM-H (ring 
current), but induced 
similar level or higher 
wave activity in the inner 
magnetosphere

ß 37 Sheath that were 
sampled to the same average 
duration (10.2 hours)

Inner magnetosphere wave activity

Kalliokoski et al., 2021



ICMEs at fast stream leading edges
o A significant fraction of ICMEs occur 

at the leading edge of fast streams 

o Such ICMEs are typically compressed 
from behind and can have relatively 
strong fields. 

o Geomagnetic response depends on 
the flux rope type

An ICME compressed at the leading edge of a 
fast stream (Kilpua et al., 2012, see also 
Fenrich & Luhmann, 1998)



ICMEs at fast stream leading edges
o SN type: northward fields 

enhance à no big effect

o NS type: southward fields 
enhance à stronger storm

An ICME compressed at the leading edge of a 
fast stream (Kilpua et al., 2012)



Expectation Reality…
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Expectation

Reality…

Courtesy: Nada Al-Haddad
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Interactions between multiple ICMEs can 
result into a complex ejecta where 
individual characteristics may be lost. 
The results depend on the relative speed, 
direction and magnetic field configuration 
of the ICMEs.

ß In the late November 2000 several successive ICMEs 
merged on their way from Sun to Earth. Multiple shocks 
detected, but individual ICMEs cannot be distinguished. 
(Burlaga et al. 2002)

à Unpredictable, variable and sustained 
solar wind forcing 

Complex Ejecta
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Bcomp 
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Summary

Kataoka and Miyoshi, 2006

o Key drivers: ICMEs (shock, sheath 
ejecta), SIR and fast streams

o ICME flux rope type affects 
strongly on its geoeffectivity

o Different drivers have highly 
different solar wind conditions à 
different geomagentic response


