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Sun-Earth connection of a CME event

Eruption Early Evolution Propagation Arrival Earth

SEP events Geomagnetic StormSpace Weather effect:



Key Problems

Main questions:

Ø Whether the CME will arrival at the Earth?

Ø When the CME arrival at the Earth?

Ø What is the intensity of the geomagnetic storm?

Have to know first:

Ø The 3 dimensional kinematic and geometrical

parameters of CMEs à Whether and When?

Ø The south component of the magnetic field when

the CME arrival at 1AU à What?



1. How to obtain the 3D parameters of CMEs?

Projected Observations

3 Dimensional Parameters

Ø Projection Effect? [e.g.

Vršnak et al., 2007; Howard et al.,

2008; Temmer et al., 2009; Shen et

al., 2013; Jang et al., 2016]

Ø Useful models? [e.g. Zhao,

2002; Michanek et al., 2003 ;Xie et

al., 2004; Xue et al., 2005; Na et al.,

2017]



Cone Models

Ice Cream Cone Model
[Xue et al., 2005; Na et al., 2017]

Cone Model (Ellipse)
[Michalek et al., 2003]

Cone Model (Circle)
[Zhao, 2002; Xie et al., 2004]

Different cone models have been developed by
different authors!



STEREO Period

Different models have been
developed:

Ø Harmonic Mean(H-M)
method [Lugaz et al., 2009; 2010]

Ø Triangulation method [Liu

et al., 2010]

Ø GCS model [Thernisien et al.,

2009; Thernisien, 2011]

Ø Polarization method [Moran 

and Davila, 2004]

Ø Mask fitting method [Feng

et al., 2012]

Ø ... But, STEREO is not always there!

CMEs can be seen from multiples points!



STEREO Period

Three dimensional parameters
obtained from multiple points

observations

Discuss the projection effect

Evaluate the Models



3-Dimensional Parameters	of	Full	Halo	CMEs	[Shen	et	al.,	2013]

Shen	et	al.,	2013

Group I Group I Group III Total

Frontside 37 2 9 48
Backside 29 1 8 38

Total 66 3 17 86

Group I: Can be fitted by the GCS model.
Group II: Can be fitted by the GCS model. 
But, No vCDAW is obtained due to points 
less than 3.
Group III: Cannot be fitted by the GCS 
mode



Projection	Effect	of	Full	Halo	CMEs

The projection effect is not obvious for [Shen et al., 2013]:

Ø Fast CMEs (V > 900km/s)

Ø Limb CMEs with ε > 45°



Projection Effect of Front side Halo CMEs [Jang et al., 2016]

2D speeds underestimate the 3D speed by about 20%



How can we believe the Cone model?

Ø Velocities and longitude are consistent well
Ø Latitude and angular width show some different

Comparison of the parameter obtained by GCS model and
Cone model (Automatic analysis) [Zhuang et al., 2017]



2. Which CMEs can hit the Earth?

Halo CMEs are thought to
propagate along the Sun-Earth Line

Front side CMEs are face to the
Earth

Front side halo CMEs can
hit the Earth

Ratios of the front side halo CMEs with 
geoeffectiveness varied from 45% to 71%.
[e.g.,Webb, 2002;Wang et al., 2002; Zhao and Webb, 

2003; Zhang et al., 2007; Gopalswamy et al., 2007; Shen

et al., 2014;Hess and Zhang, 2017]● Hit the Earth
○ Not hit the Earth



Possible Criteria

q Central events

Ø [E40, W40]  (72%)

Self similar expansion 
models
[Davies et al., 2012, Mostl and 

Davies,2012]

27 (56%) front side full halo CMEs hit the Earth

[e.g. Shen et al., 2014]

q Large events

Ø ω>2ε (74%)Ø ε < 45° (75%)



CMEs from which hemisphere can easy hit the Earth?

Ø Before April 2012, 71.4% of events 
come from the northern hemisphere

Ø After April 2012, 73.8% of the events 
come from the southern hemisphere

[Hess & Zhang, 2017]

CMEs from west hemisphere can
hit the Earth with higher possibility
[e.g. Wang et al., 2002; Zhang et al., 2003; Shen

et al., 2014; Hess & Zhang et al., 2017]

Hess & Zhang et al., 2017



An Influence Factor: CME Deflection

Deflection make a Not-Earth
direct CME hit the Earth

Deflection make a Earth
direct CME miss the Earth

Three types of deflection:
Ø Deflection near the Sun [MacQueen et al. 1986; Gopalswamy et al., 2003, 2004, 

2009; Cremades and Bothmer, 2004; Cremades et al., 2006; Kilpua et al. 2009; Shen et al. 
2011; Wang et al., 2011; Kay et al., 2013, 2015a,b;2016;2017a.b]

Ø Deflection in the interplanetary Space [e.g. Wang et al. 2004; 2006; 2014;
Zhang et al., 2017]

Ø Deflection caused by CME interaction [e.g. Lugaz et al. 2012;Shen et al. 2012; 
Temmer et al., 2012; Liu et al. 2012, 2014a; Mishra et al.,2015,2016,2017 ]



Deflection Near the Sun

First reported by MacQueen et al. (1986)

𝛿𝜃 = 0.5 𝜃'( + 𝜃'* − 0.5（𝜃,( + 𝜃,*）

𝛿𝜃	>0: Deflect to Equator
𝛿𝜃	<0: Deflect to Polar

CMEs are likely to
deflect to Equator!



Magnetic Energy Density Models

Deflection of 2007 October 8 CMEs [Shen et al., 2011]

This CME deflected to the Equator obviously!



Magnetic Energy Density Models

Sketch of magnetic
energy density models

CME may deflect to the region with lower
magnetic energy density!

Physical model to describe such deflection [Shen et al., 2011]



Magnetic Energy Density Gradient Models

Statistical analysis [Gui et al., 2011]

Observed deflection directions
are well consistent with the
model.

Observed deflection rates are
consistent with the intensity of
magnetic energy density gradient.



Forecasting a CME’s Altered Trajectory (ForeCAT)

[e.g. Kay et al., 2013;2015a,b;2016;2017a]

Now, it is ForeCAT In situ Data Observer (FIDO) model [Kay et al.,

2017b] which can predicting the in situ magnetic field of CMEs.



The source region of Earth-
Arrived CMEs show obvious

East-West asymmetry
[e.g. Wang et al., 2002; Zhang et al., 2003;

Shen et al., 2014; Hess & Zhang 2017]

CME may deflect during its
propagation in interplanetary
space [e.g. Wang et al, 2004]

Deflection in Interplanetary Space

Wang et al, 2002



Deflection in interplanetary space (DIPS)

Fast CME (v>vsw) à East

Slow CME (v<vsw) ß West

Deflection of CME in interplanetary space might bes
controlled by the background solar wind [Wang et al. 2004].



Propagation Direction: N00E32
Longitudinal extent of the CME 
in the ecliptic plane: 60o

Direct evidence of CME’s deflection [Wang et al., 2014]



Direct evidence of CME’s deflection [Wang et al., 2014]

The deflection of this CME make this STB-
direct CME hit the Earth [Wang et al., 2014]!



Integrated CME-arrival forecasting ( iCAF) [Zhuang et al., 2017]

Success rate of the CME-arrival predictions
Ø Include Deflection: 82%
Ø Not Include Deflection: 63%



Deflection caused by CME interaction

Interaction between two objects can change their

propagation direction.



Deflection caused by CME interaction

CME interaction will
change their propagation
direction [e.g., Lugaz et al. 2012; 

Shen et al. 2012; Temmer et al., 2012;

Liu et al. 2012, 2014a; Mishira et al.,

2015,2017 and Some review papers:

Manchester et al., 2017; Shen F. et al.,

2017; Lugaz et al., 2017]
Shen et al., 2012



Deflection caused by CME interaction

Deflection caused by CME interaction make CME1
fact to Earth and the hit the Earth [Lugaz et al., 2012]



3. When the CME arrival at the Earth?

Possible Influence Parameters: 
Ø Initial velocity à Empirical 

models
Ø Acceleration or deceleration 

influenced by background 
solar wind [e.g. Gopalswamy et al., 2000; 

Lugaz et al., 2012; Vrsnak et al., 2013;Zhao et

al., 2016] à Drag models
Ø CME interaction [e.g. Gopalswamy et 

al., 2001; Shen et al., 2012; Temmer et al., 

2012, Lugaz et al., 2013; Mishra et al., 2016]

Any other factors?
Similar Velocities, different 

propagation time!

Shen et al., 2014



Empirical models

𝑇 = 27.98 + *.((×(,4

56
[Wang et al., 2002]

𝑇 = 96 + 5
*(

[Zhang et al., 2003]

The ECA model: consistent acceleration

model [Gopalswamy et al. 2000; 2001]

𝑎 = 1.41 − 0.0035𝑢

𝑆 = 𝑢𝑡 − 1/2𝑎𝑡*
u: initial velocity

S=1AU



Drag-based model (DBM)

Drag-based model (DBM) is based on the assumption 
that the dynamics of CMEs is dominated by the MHD
‘aerodynamic’ drag
Drag acceleration:

𝑎 = −𝛾(𝑣 − 𝑣CD)|𝑣 − 𝑣CD|

𝛾 =
𝑐H𝐴𝜌D

𝑉(𝜌 + 𝜌D2 )
=

𝑐H

𝐿( 𝜌𝜌D
+ 12)

e.g. Cargill, 1996, 2004; Vrsňak	et	al.	

2013;	Hess & Zhang, 2014, 2015

𝑎 = −𝐶𝑟O
(
*(𝑣 − 𝑣CD)|𝑣 − 𝑣CD|

Maloney & Gallagher, 2010; Vršnak &

Gopalswamy, 2002

Simple form:



Drag-based model (DBM)

Hess & Zhang, 2015

What is the value of cd (or C in simple form)?

cd: 1 to 1.5 [e.g. Poomvises 2010 ; Subramanian et al. 2012]

Vršnak et al., 2013



Influence of the propagation direction and angular width

Propagation direction

Angular width

Front 
Propagation 

Distance

True angular width and the propagation direction are 
all important parameters in the CME arrival time 
forecasting [e.g. Möstl el et.2013; Shen et al., 2014]



Produced 83 flares during its
pass through the front of the Sun

Produced the top 2 flares
of solar cycle 24

B C M X

1 54 24 4

4. The 2017 September events：Active region 12673



Coronagraph observations

At least 20 CMEs erupted from this active region.

What is the geoeffectiveness of these CMEs?



No CME Time

1 Sep. 4 20:36

2 Sep. 6 12:24

3 Sep. 10 16:002017 Sep. 4 event

2017 Sep. 6 event 2017 Sep. 10 event

Three major halo CMEs during this period



Cone model Parameters of CMEs

No
Projected Cone Model

CME Time Velocity(km/s)* Velocity(km/s) ω (o) Direction ε (o)

1 Sep. 4 20:36 1758 1250 63 W04S13 14

2 Sep. 6 12:24 1429 1410 76 W13S19 23

3 Sep. 10 16:00 3288 2150 87 W36N04 36

Fitting result of

the Sep. 6 CME

*Projected velocities are from SOHO/Halo CME alert



In-situ	observations

No Time (UT)

1 Sep. 6 23:14 Sep. 7 07:00 Sep. 07 11:30

2 --- Sep. 7 17:05 Sep.8 01:28

3 Sep. 7 22:29 Sep. 8 11:20 Sep. 8 17:38

4 Sep. 12 19:26 --- ---



Sun-Earth connection

No
CMEs ICMEs

Time Velocity(km/s) ω (o) Direction ε (o) Shock Time Begin Time End Time

1 Sep. 4 20:36 1250 63 W04S13 14 Sep. 6 23:14 Sep. 7 07:00 Sep. 07 11:30

Sep. 5 18:00 ? ? ? ? Sep. 7 17:05 Sep.8 01:28

2 Sep. 6 12:24 1190 107 W13S18 22 Sep. 7 22:29 Sep. 8 11:20 Sep. 8 17:38

3 Sep. 10 16:00 2190 86 W37N04 37 Sep. 12 19:26 --- ---

2017 Sep. 5 CME LASCO/C2 2017 Sep. 5 CME LASCO/C3



The interplanetary source of the geomagnetic storm

A geomagnetic storm with
Dstmin=-142 nT is caused by the
Shock-ICME complex structure

Shock-ICME complex structure can
produce the geomagnetic storm
especially the intense geomagnetic
storm with higher probability [e.g. Wang
et al., 2003a,b; Lugaz et al., 2015; Shen et al., 2017].

Shen et al., 2017



If without shock compression ICME?

Observed Bz,min in this CME: -33 nT (Dst=-142 nT)

Reconstructed Bz,min with out compression in

this CME : -21 nT (Dst = -95 nT)

A method based on the R-H relation has

been developed to get the possible

parameters of CMEs without shock

compression [Wang et al., 2017, Under Review]

Shen et al., 2017



Forecasting Model Calculation

Different Dst forecasting models
are applied.

Ø Forecasting value of Dstmin based on

real time solar wind observation is

lower than the observed of Dstmin .

Ø Without comparison, the of Dstmin

would be larger and the peak time

would be later(comparison between

blue and red lines)

Shock-compression is very important. It should

be taken in to account in the forecasting of

geomagnetic storm caused by CME.



Enhancement of the proton flux in Shock-ICME

The proton flux enhanced obviously in the
Shock-ICME complex structure!

Enhanced DecreasedDecreased?



Enhancement of the proton flux in Shock-ICME

Proton flux enhancement in
Shock-ICME structure is an
important factor in causing
the largest SEP event in solar
cycle 23 [Shen et al., 2008].

Possible Explanation



5. Summary

Following key problems are discussed:

1. How to get 3 Dimensional parameters of CMEs?

2. Whether the CME will hit the Earth? What are the

influence parameters?

3. When the CME will hit the Earth? What are the

influence parameters?

The Sun-Earth connection of 2017 September events are

discussed.



Full halo CME catalogue with GCS model parameters
and in-situ observations in USTC

Time Coverage: 2007 to 2012 May (will

update to the end of 2016 this year)

Related papers: Shen et al., 2013; 2014

http://space.ustc.edu.cn/dreams/fhcmes/



ICME catalogue in USTC

Data Usage: WIND observations

Time Coverage: 1995 -2015 (Updating to the end of 2016 now)

Related Papers: Chi et al., 2016; Shen et al., 2017

http://space.ustc.edu.cn/dreams/wind_icmes/



CIR catalogue in USTC

Data Usage: WIND observations

Time coverage： 2010 – 2016 (to combine with Lan Jian’s catalogue

from 1995 to 2009)

http://space.ustc.edu.cn/dreams/cir/ (coming soon)
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