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Abstract Using 100 CME–ICME events during 1997.01–

2002.11, based on the eruptive source locations of CMEs

and solar magnetic field observations at the photosphere,

a current sheet magnetic coordinate (CMC) system is es-

tablished in order to statistically study the characteristics of

the CME–ICME events and the corresponding geomagnetic

storm intensity. The transit times of CMEs from the Sun to

the Earth are also investigated, by taking into account of the

angle between the CME eruption normal (defined as the vec-

tor from the Sun center to the CME eruption source) and

the Sun-Earth line. Our preliminary conclusions are: 1. The

distribution of the CME sources in our CMC system is obvi-

ously different from that in the ordinary heliographic coor-

dinate system. The sources of CMEs are mainly centralized

near the heliospheric current sheet (HCS), and the number of

events decreases with the increment of the angular distance

from the CME source to the HCS on the solar surface; 2.

A large portion of the total events belong to the same–side

events (referring to the CME source located on the same side

of the HCS as the Earth), while only a small portion belong

to the opposite–side events (the CME source located on the

opposite side of the HCS as the Earth). 3. The intense geo-

magnetic storms are usually induced by the same–side events,

while the opposite side events are commonly associated with

relatively weak geomagnetic storms; 4. The angle between

the CME normal and the Sun–Earth line is used to estimate
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the transit time of the CME in order to reflect the influence of

propagation characteristic of the CME along the Sun–Earth

direction. With our new prediction method in context of the

CMC coordinate, the averaged absolute error for these 100

events is 10.33 hours and the resulting relative error is not

larger than 30% for 91% of all the events.

Keywords Coronal mass ejections . Current sheet

magnetic coordinate . Geomagnetic storm intensity . Transit

time . Prediction method

1. Introduction

Coronal mass ejections (CMEs), which refer to large–scale

magnetized plasma structures that erupt from the sun and

are transported into the heliosphere, are a kind of erup-

tive phenomena in solar atmosphere usually associated with

flares or eruptive prominences. They are episodic expul-

sions of mass and magnetic field from the solar corona into

the interplanetary medium, producing significant perturba-

tions in the solar wind and the geomagnetic environment.

These huge ejected plasmoids may have masses of the or-

der of a few 1015 g and likely liberate energies between

1030 − 1032 ergs. CMEs were first identified in data obtained

with space-borne coronagraphs in the 70’s of last century

(MacQueen et al., 1974; Gosling et al., 1974; MacQueen

et al., 1980; Sheeley, 1980). In earlier days, CME was be-

lieved to correlate well with the occurrence of a geomag-

netic storm (Burlaga et al., 1981; Wilson et al., 1984) and it

was thought that solar flares–generated interplanetary shocks

were responsible for geomagnetic storms. However, later ev-

idences show that CMEs are major sources for non–recurrent

geomagnetic storms (Sheeley, 1985; Gosling, 1991, 1993).
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Since then they have captured the attention of both the solar

and the geomagnetic communities. Several excellent review

papers have been written in the last years (Crooker, Joselyn

and Feynman, 1997; Hundhausen, 1999; Pick et al., 1999;

Forbes, 2000; Klimchuk, 2000; Webb, 2000; Hudson and

Cliver, 2001). One of the challenging works on theoretical

and observational aspects of CMEs is the “Q&A” review by

Cliver and Hudson (2002). Numerical modeling of CMEs has

always been a hot topic along with the development of high

performance computing. Linker et al. (2003) reviewed some

of the past and present concepts that influence the develop-

ment of models of coronal mass ejections, both for CME

initiation and CME evolution and propagation in the solar

wind. Also Riley et al. (2004) summarized their recent ad-

vances in modeling the properties and evolution of CMEs in

the solar wind.

Currently, the exact causes and mechanism of CME are

not well understood and debated in the scientific community.

The earth directed coronal mass ejections are often correlated

with intense geomagnetic storms, interplanetary shocks and

energetic particle events, which disrupt radio communica-

tions, cause surges in power grids and damage satellites. Un-

derstanding these events and developing predictive capabili-

ties is a very important scientific challenge. Especially, how

to predict the CME related geomagnetic storm intensity and

the Sun-Earth transit time of the CME become two important

aspects in space weather forecast.

There are a huge of works on CMEs such that it is dif-

ficult to exhaust a review on CMEs by giving a long list of

publications. In what follows we focus our attention on our

interest by only mentioning as few related work as needed in

the following content.

Wei et al. (1990, 1991) statistically studied 277 flare–

shock events and found that the existence of the HCS might

have great influence on the propagation of solar transient dis-

turbances in interplanetary space and the corresponding ge-

omagnetic disturbances intensity; The transient disturbances

caused by solar activities would deflect towards the HCS

in their travelling to the Earth regardless of the discrimi-

nation that the solar sources are located on the northern or

southern hemisphere. Wei and Dryer (1991) analyzed 149

flare-shock wave events based on interplanetary scintillation

(IPS) observational data and found the fastest propagation

directions tend toward the HCS near 1AU. Similar results

were also found by later studies (Dryer, 1994; Odstrcil et al.,

1996; Smith et al., 1998). Therefore, we can see that the

HCS near the Sun is very important in studying the prop-

agation of solar transient disturbances and their related ge-

omagnetic storms. Following the idea of Wei et al. (1990,

1991), in order to carry out geoeffective analysis of CMEs,

a current sheet magnetic coordinate (CMC) system is estab-

lished and used to analyze 100 CME-ICME events during

1997.01–2002.11.

This paper is organized as follows. In Section 2, the es-

tablishment of CMC system is presented. In Section 3, 100

CME-ICME events are statistically studied under this coor-

dinate system to draw the conclusion that the geomagnetic

disturbances caused by CMEs tend to have the “same side-

opposite side effect”. In Section 4, a new method is given to

predict when the ICME arrives at the Earth after considering

the CME normal direction relative to the Sun-Earth line in

context of the CMC system. Conclusions and discussions are

made in Section 5.

2. Current sheet magnetic coordinate system

2.1. Establishment of the CMC system

This subsection is devoted to the establishment of the

CMC system. In the same way as done by Wei et al. (1990;

1991), the erupting location of the CME and the large–scale

shape of the HCS near the Sun are used here. When a CME

erupts, it leaves behind hot post–eruption arcades or flare

loops that mark the source location of the eruption on the

surface of the Sun. This coordinate to be defined is a rect-

angular coordinate system whose origin is at the center O of

the Sun as shown in Fig. 1(a). The curved surface labelled

as HCS in Fig. 1(a) is the real heliospheric current sheet.

S is the source location of the CME at 2.5 solar radii. The

direction ON, defined as the normal of the CME eruption,

is the vector from the center of the Sun to the source of the

CME. And the point P, located on the HCS, is the foot of

the perpendicular from the point S onto the HCS. The vector

OP is defined as the X axis. We select a local segment of the

real HCS near the foot P (shadowed region) and extend it to

a plane XOY that passes through the center of the Sun. We

call this plane the “ideal HCS” labelled as ICS in Fig. 1(a).

The X axis and the CME normal ON constitute the plane

XOZ, which is considered to be the symmetrical plane for

coronal mass ejections. These two orthogonal planes consti-

tute the coordinate system in this paper, named Current sheet

Magnetic Coordinate (CMC) system. Obviously, the basis

vectors X, Y, and Z complete a right-handed triad. Besides

x, y and z, we can also define the latitude λ and longitude η

to describe the position of the Earth in this coordinate. Here,

λ stands for the angle between the Sun–Earth line and its

projection on the plane XOY. That is to say, λ stands for the

angle between the Sun-Earth line and the HCS. η stands for

the angle from the X axis to the projection of the Sun–Earth

line on the plane XOY. These two angles are defined to be

perpendicular to each other, i.e.,

λ = arctan

(
z√

x2 + y2

)
, η = arctan

(
y

x

)
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Fig. 1 (a) The 3D sketch map of the CMC system, (b) Its spread on
solar magnetic field synoptic chart, (c) The useful angles in CMC co-
ordinate with ICS and EP, and (d) The coordinates of the Earth and
CME source in CMC system. In (a), O is the center of the Sun, S is the
CME erupting source, N is the normal of CME, HCS stands for the real
heliospheric current sheet, P is the foot of a perpendicular of S on the
HCS and ICS stands for the ideal HCS. In (b), curve 1 represents the

HCS, curve 2 represents the ideal HCS, curve 3 represents the ecliptic
plane, S and P as in (a), E is the sub–Earth point at the CME erupting
moment, A and B are points of intersection for the ecliptic plane and the
ideal HCS. In (c), angles γ, ξ, ω used in CMC are displayed with EP
standing for the ecliptic plane. N1 and N2 are normals of the ICS plane
and ecliptic plane, respectively. In (d), the latitude λE and the longitude
ηE for the Earth and λS for the CME source are labeled

One thing to be stressed here is that the local HCS near CME

source is outspread here to a plane (called ideal HCS) and

the established coordinate system is static. However, the real

HCS is very complex and it rotates with the Sun with a period

of about 27 days. The theoretical basis for these approxima-

tions is as follows: It takes the CME only 5–9 hours to pass

through the inner heliosphere (18–20Rs), where magnetic

field controls the motion of plasma. Then the real HCS

rotates with the angle of only about 3◦–5◦ within this short

interval. The influence of magnetic field on plasma motion

decreases rapidly when the CME propagates into the helio-

sphere beyond the Alfvénic point. Thus the effect of the HCS

beyond the Alfvénic point on the CME propagation could be

regarded as inessential and thus the ideal HCS can be taken

as an approximation to the real HCS. Furthermore, as P is the

foot of the perpendicular of the CME source on the real HCS,

the latitude of the CME source in CMC (see Subsection 2.3)

represents the true angle from the CME normal to the real

HCS.

2.2. The coordinates of the earth and the CME source

in the CMC system

In this subsection it is shown how the CMC system works

for an event. As an example, Fig. 1(b) demonstrates the

spread of the CMC system on the contour of solar source

surface magnetic field for CR 1928 located at 2.5 solar radii

from the Wilcox Solar Observatory. The neutral line in this

chart is the HCS at 2.5Rs curve 1. There was a CME event

erupting from N22E01 at 11:26 UT on 23 October 1997. In

Fig. 1(b) we find the point S for the source location of this

CME event according to the erupting location, the erupting

date and time. P is the foot of the perpendicular from the

point S onto the HCS. Curve 2 stands for the ideal HCS

that is outspread by the local real HCS centered about the

foot P. E stands for the location of the Earth at the erupting

moment and curve 3 stands for the ecliptic plane. A and B
are points of intersection for the ecliptic plane and the ideal

HCS.
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The coordinates of the Earth in the CMC system can be

derived from three angles, i.e., γ, ξ and ω. Here, γ denotes

the angle between the ecliptic plane and the ideal HCS (or the

angle between their normals). ξ denotes the angle between

OP and OA. Denote ω the angle between OE and OA. Then

we have

γ = arccos

⎛⎝ n1x n2x + n1yn2y + n1zn2z√
n2

1x + n2
1y + n2

1z

√
n2

2x + n2
2y + n2

2z

⎞⎠
ξ = arccos(cos(φA − φP ) cos(ψA − ψP )),

ω = arccos(cos(φA − φE ) cos(ψA − ψE ))

where N1 = (n1x , n1y, n1z) and N2 = (n2x , n2y, n2z) denote

the normals of the ideal HCS and the ecliptic plane in the

solar equator coordinate system respectively (See Fig. 1(c)).

φA, ψA, φP , ψP and φE , ψE denote the longitudes and lati-

tudes of A, P and E as shown in Fig. 1(b). If the values of

γ, ξ and ω are known, then we can get the coordinates of the

Earth in the CMC system:

xE = cos(ξ ) cos(ω) + sin(ξ ) cos(γ ) sin(ω) (1a)

yE = − sin(ξ ) cos(ω) + cos(ξ ) cos(γ ) sin(ω) (1b)

zE = − sin(γ ) sin(ω) (1c)

where xE , yE and zE are in units of AU. Then,

λE = arctan
zE√

x2
E + y2

E

, ηE = arctan
yE

xE
(2)

While the coordinates of the CME source in the CMC system

(see Fig. 1(d)) are

λS = arccos(cos(φS − φP ) cos(ψS − ψP )), ηS = 0 (3)

where φS, ψS and φp, ψP denote the longitudes and latitudes

of S and P in Fig. 1(b). We can see from Fig. 1(a) that the z axis

of the CMC system is defined to lie on the same side of the

ideal HCS as the CME source. Then λS computed from our

formulas is always positive for CMEs that erupt from either

north hemisphere or south hemisphere. While λE is positive

for the same side events (abbreviated to “the SS events” in

the following for convenience) and negative for the opposite

side events (abbreviated to “the OS events” in the following).

Therefore, we can judge a CME to be the SS or OS event only

by the sign ofλE in the CMC system (see Fig. 1(d)). In context

of this coordinate system mentioned above, we can calculate

the parameters for the CME event erupting at 11:26 UT on 23

October 1997: λS = 27.5◦, ηS = 0◦, λE = 11.0◦, ηE = 3.6◦

We draw the conclusion that this CME event erupted from

the same side of the HCS as the Earth from the positiveness

of λE . Fig. 1(b) also displays this fact.

3. The same side-opposite side effect for CMEs and
their geoeffectiveness

100 CME–ICME events during 1997.01–2002.11 are col-

lected for this analysis, which contains the following obser-

vations: the time of its first appearance in LASCO/C2, pro-

jected speed, the erupting location, the arrival time of the cor-

responding ICME at the near Earth spacecraft and the related

geomagnetic storm intensity. These parameters are taken

from the recognized results in the published papers (Webb et

al., 2000; Gopalswamy et al., 2001; Cane and Richardson,

2003; Manoharan et al., 2004; Michalek et al., 2003) together

with these websites http://cdaw.gsfc.nasa.gov/CME list/

index.html, http://www.gi.alaska.edu/pipermail //gse-ff/,

ftp://ftp.ngdc.noaa.gov/STP/GEOMAGNETIC DATA/ IN-

DICES/ DST/, http://www. ngdc.noaa.gov/ stp/SOLAR/ ftp-

solarflares.html. From our choice are excluded those events

whose erupting locations and/or the arrival time of the as-

sociated ICME are recognized to be evidently different in

different papers and also the events that lack the clear loca-

tions of the CME eruption. As for each event in our sam-

ples, we draw the solar magnetic field synoptic chart of the

Carrington Rotation during which the CME erupted accord-

ing to the observations of the Wilcox Solar Observatory

(http://quake.stanford.edu/ wso/coronal.html), establish the

CMC system and then calculate the coordinates of the Earth

and the CME erupting source in this coordinate. These in-

formation for 100 CMEs in this coordinate system are used

for the following analysis.

3.1. The distribution characteristics for the CME

sources

In order to demonstrate the difference between the CMC sys-

tem and the commonly used heliographic coordinate system

in studying CMEs, we analyze the distribution characteristics

of these 100 events in these two coordinate systems, respec-

tively. Figure 2 gives the frequency distributions of the helio-

graphic latitudes and heliographic longitudes (here referring

to longitudinal displacement from central meridian) for these

CME source locations. From this figure we can see that the

latitude distribution of the CME sources presents a “double-

peak” structure. That is to say, CMEs mainly erupt from the

middle and low latitude regions with the maximum numbers

located within ±(10◦ – 30◦), while few CMEs erupt from

high latitude regions. As for the longitude distribution, most

are located near the central meridian as we expect. It is shown

that the distribution characteristics of the CME sources in the

heliographic coordinate for our 100 events are consistent with
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Fig. 2 The frequency
distribution of heliographic
latitudes (a) and heliographic
longitudes (b) of the CME
sources. The event numbers are
summed over 10 degree bins,
and in (b) the longitude refers to
longitudinal displacement from
central meridian

the results of related studies (Cane, Richardson and St. Cyr,

2000; Wang et al., 2002; Manoharan et al., 2004; Srivastava

and Venkatakrishnan, 2004; Shrivastava and Singh, 2005).

As a contrast, Fig. 3 exhibits a distribution of the CME

sources in the CMC coordinate. In Fig. 3(a), the angle from

CME normal to the HCS is calculated from formula (3) and

its sign is defined as follows: if the ideal HCS lies to the south

of the CME source, then the value is positive and otherwise

it is negative. This definition is in agreement with the solar

equatorial coordinate system. Now, the “double-peak” dis-

tribution in Fig. 2 is replaced by the approximate Gaussian

distribution in Fig. 3(a). The distribution is symmetrical rela-

tive to the HCS with the maximum numbers located near the

HCS. This implies that CMEs originate most frequently near

the heliospheric current sheet (HCS) which is sandwiched

between coronal holes having opposite magnetic polarity.

This findings reconfirm the earlier results shown by Crooker

et al. (1993) and developed further by Kahler et al. (1999)

and Zhao and Webb (2003).

Figure 3(b) is given based on the same data as Fig. 3(a)

but considering the same side-opposite side effect. In Fig.

3(b) the angle from CME normal to the HCS is defined to be

positive when the Earth and the source location of the CME

lie on the same side of the HCS (the SS event) and negative

when the Earth and the source location of the CME lie on the

opposite side of the HCS (the OS event). It is evident from

this figure that the number of the SS events is larger than

that of the OS events (74 > 26). Furthermore, the SS events

occupy a broader latitude extent. Comparing Fig. 2 with Fig.

3, we can draw the conclusion that the CMC system has

more advantages in depicting the relative positions between

the CME eruption source, the Earth and the HCS than the

heliographic coordinate system owing to the fact that the

former take the HCS (ideal) as the reference plane, while the

latter take the solar equator as the reference plane.

In order to further display the influence of the HCS on

the propagation and arrival of CME-ICME from the Sun to

the Earth, we investigate the position of the Earth relative to

the HCS in the same way and the distribution of the angles

between the Sun-Earth line and the HCS for these 100 events

is shown in Fig. 4. In Fig. 4(a), the angle is given by |λE | in

the CMC system but defined to be positive when the HCS

lies to the south of the Earth and negative on the contrary.

It is easily seen that the positions of the Earth are nearly

symmetrical about the HCS. That is to say, the Earth, as the

detector of the ICMEs, has equivalent opportunities to appear

on both southern and northern side of the HCS. Also, more

ICMEs are detected when the Earth is located near the HCS.

Fig. 4(b) gives the same plot as Fig. 4(a) but considering

the same side-opposite side effect as a contrast, i.e., using

λE in the CMC system. There also follows that there is a

distinct asymmetry in the distribution. On one hand, there are

more SS events than OS events. On the other hand, this angle

between the Sun-Earth line and the HCS can exceed 70◦ for

some CMEs of the SS events; however, it does not exceeds

30◦ for the OS events under investigation. Considering the

thickness of the real HCS, we could say that for our unbiased

sample of 100 geoeffective CME-ICME events, those events

with their eruptive sources lying on the same side of the HCS

and/or the Earth being near the HCS have been found to be

rich, and no ICME among these 100 events was observed

when the Earth is located on the opposite side of as well as

far away from the HCS. The reasons causing these statistical

results could be complicated and perplexing, but one possible

explanation is that as the HCS is a surface that separates

regions of the magnetic field with different polarities and the

magnetic field-frozen condition is satisfied in interplanetary

space, this may imply that the CME-ICME has difficulty to

traverse the HCS in its passage to the Earth.

3.2. The distribution characteristics for the

corresponding geomagnetic storm intensity

The plot of the geomagnetic storm intensity (Dstmin) versus

the angles between the HCS and the Sun-Earth line is given

in Fig. 5. In Fig. 5(a) the x-coordinate is the same as that

of Fig. 4(a). Fig. 5(a) tells us that the distribution of Dst is

approximately symmetrical relative to the HCS: on one hand,

there are more events appearing when the Earth is located

near the HCS, especially more intense geomagnetic storms;

on the other hand, there is no distinct difference for both

cases whenever the Earth lies on the southern and northern

side of the HCS.
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Fig. 3 The frequency
distribution of the CME sources
in the CMC coordinate (a)
without the same side-opposite
side effect and (b) with the same
side-opposite side effect

Fig. 4 The frequency
distribution of the angles
between the Sun-Earth line and
the HCS (a) without the same
side-opposite side effect and (b)
with the same side-opposite side
effect

Fig. 5 The geomagnetic storm
intensity plotted against the
angles between the Sun-Earth
line and the HCS. (a) without
the same side-opposite side
effect and (b) with the same
side-opposite side effect

Figure 5(b) gives the geomagnetic storm intensity plot-

ted against λE in the CMC system, considering the same

side-opposite side effect. From this figure we can see that:

(1) There is a distinct asymmetry in the distribution of the

events. There are 74 SS events among the total 100 events,

while there are merely 26 OS events as mentioned in section

3.1; (2) For 68 moderate geomagnetic storms (Dstmin < −50

nT), 46 of them are the SS events and 22 of them are the

OS events. The event percentage for the SS and OS events

are respectively 68%, 32%; (3) For 32 intense geomagnetic

storms (Dstmin < −100 nT), 22 of them are the SS events

(occupying 69% of the total) and 10 are the OS events (occu-

pying 31% of the total); (4) For 15 geomagnetic storms with

Dstmin < −150 nT, 13 of them are the SS events (87% of the

total) and only 2 of them are the OS events (13% of the to-

tal); (5) All the geomagnetic storms with Dstmin < −200 nT

appear as the SS events. It can be seen that the percentage of

the SS events increases with the increment of geomagnetic

storm intensity, while the percentage of the OS events de-

creases with that, as shown by Fig. 6. This means the intense

geomagnetic storms are apt to be caused by the SS events,

and the OS events are commonly associated with relatively

weak geomagnetic storms.

The above results indicate that there exists a so-called

“same side-opposite side effect” in the geomagnetic distur-

bances caused by CMEs: for an unbiased sample of 100

CME-ICME events that have observable effects at 1AU, the

event frequency of the SS events is statistically higher than
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Fig. 6 The distribution of event percentage for different ranges of ge-
omagnetic storm intensity. The solid and dashed line represent that of
the same side and opposite side events respectively

Fig. 7 The frequency distribution of angles between the CME normal
and the Sun-Earth line. The solid and dashed line represent the same
side and opposite side events respectively

that of the OS events; the intense geomagnetic storms are

usually caused by the SS events; the existence of the HCS

may have important influence on the propagation–arrival of

CME-ICMEs and their induced geomagnetic disturbances.

The possible “impeding” effect of the HCS on the trans-

propagation of CMEs mentioned above can explain, at least

partially, the above statistical results. These results again re-

confirm the observational results obtained by Wei et al. (1990,

1991) for solar flares.

It should be mentioned that the angle between CME nor-

mal and the Sun-Earth contribute little to the classification of

same side-opposite side. Fig. 7 gives the distribution of these

angles for the 100 CME-ICME events. The thick solid and

dashed line denote the SS and OS events respectively. The

frequency distributions for the SS and OS events are simi-

lar to a great extent and their mean values of the angles are

nearly equal as shown by the vertical solid and dashed line.

Therefore, these angles make no contribution to our statisti-

cal results, and the “same side-opposite side effect” is mainly

caused by the existence of the HCS.

4. The prediction of CME’s transit time

As the arrival near the Earth of the solar transient disturbances

usually implies the onset of the geomagnetic storms, the ar-

rival time prediction has been regarded as an important aspect

of space weather objectives. Roughly speaking, there are two

kinds of models for the prediction of the solar disturbances’

arrival at the Earth: (I) physics-based shock propagation mod-

els and (II) empirical CME propagation models. Among the

shock propagation models, STOA (Dryer and Smart, 1984;

Smart and Shea, 1985), STOA-2 (Moon et al., 2002), ISPM

(Smith and Dryer, 1990, 1995) and HAFv.2 (Hakamada and

Akasofu, 1982; Fry et al., 2001) are commonly used mod-

els. The STOA is based on the theoretical concept of self-

similar blast waves modified by the piston-driven idea, while

the STOA-2 adopts a linear relationship between the initial

coronal shock wave velocity and its deceleration exponent for

improvements. The ISPM relies on a 2.5D MHD parametric

study of numerically simulated shocks and it assumes that

the net energy ejected into the solar wind by a solar source

together with the source’s location determine the transit time

to 1 AU of the shock. The HAFv.2 is a “modified kinematic”

solar wind model that can provide a global picture of mul-

tiple and interacting shocks propagating into nonuniform,

stream-stream interacting solar wind flows. By combining

the observations of solar activity, interplanetary scintillation

and geomagnetic disturbance observations together with the

dynamics of solar wind storm propagation and fuzzy mathe-

matics, Wei and Cai (1990) and Wei et al. (2002, 2003) gave a

new “ISF” prediction method for geomagnetic disturbances

caused by solar wind storms blowing to the Earth.

Our current knowledge about CMEs mainly comes from

two spatial domains: the near-Sun region remote-sensing by

coronagraphs and the near-Earth space where in situ obser-

vations are made by spacecrafts. Therefore, people usually

rely on empirical models to predict the 1AU arrival time of

CMEs. Brueckner, Delaboudiniere and Howard (1998) had

ever concluded that the travel time of most ICMEs from the

Sun to the Earth always amounts to about 80 hours based

on eight CME events, where the travel time was measured

from the first appearance in C2 images to the beginning of

the maximum Kp index of the associated geomagnetic storm.

This “80 hours rule”, as the simplest prediction tool, seems

to work well in many cases, especially near solar activity

minimum. Wang, Ye and Wang (2002) studied 15 events that

were associated with severe storms (K p > 7) and found that

the transit time of the CMEs can be predicted by this formula

T = 27.98 + 2.11 × 104/Vp

where Vp(km/s) is the CME projected speed and T (hours)

is the transit time of the CME defined as the interval from
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CME’s first appearance in C2 to to the beginning of the

maximum K p index of the associated geomagnetic storm.

Srivastava and Venkatakrishnan (2004) determined an em-

pirical relation between the transit time and the initial speed

from 64 CME events

T = 86.9 − 0.026Vp

Here T (hours) is the difference in the timings of the start of

the CME and the time of the onset of the geomagnetic storm

marked by the decrease in Dst values, while Vp (km/s) is also

the CME projected speed. Schwenn et al. (2005) studied the

relationship between the lateral expansion speed of the CME

and its travel time to the Earth. They found that the fit function

T = 203 − 20.77 ln(Vexp)

gives the least-square errors for the 75 usable cases of unique

CME-shock events, where T is defined by the CME’s first

appearance in C2 images and the shock arrival at 1AU in

units of hours, and Vexp is the halo expansion speed in km/s.

The ECA (Empirical CME Arrival) model was developed

by Gopalswamy et al. (2000, 2001) for the prediction of the

CME arrival. In this model CMEs are believed to undergo

an interplanetary acceleration speed a that depends linearly

on the CME initial speed u until propagating to the cessation

distance d1

a = α − βu, S = ut + at2/2

with α and β positive constants. CMEs propagate freely be-

yond this cessation distance to 1AU d2 = 1AU − d1 Then

the arrival time of the ICME at the Earth can be expressed as

t = t1 + t2, where

t1 = [(u2 + 2ad1)0.5 − u]/a, t2 = d2/(u2 + 2ad1)0.5

Gopalswamy et al. (2001) studied 47 CME-ICME events

during 1996.12–2000.7 and found α = 2.193, β = 0.0054

while the typical value of d1 is 0.76 AU. The mean absolute

error of this model is 10.7 hours for these 47 events. It must be

pointed out that different authors considered different sam-

ples of CME events and they adopted different definitions of

the transit times of the CMEs, then the formulas they pro-

vided are also discrepant. But all these studies showed that

the transit time of the CME depends on its initial speed to

a great extent. Unfortunately, what is available now is the

projected speed of the CME’s space speed on the sky plane

(perpendicular to the Sun-Earth line) near the Sun, and this

speed can’t stand for the propagation speed of the CME to

the Earth. However, just as Gopalswamy et al. (2001) pointed

out, the projection effects may be somehow compensated for

by the initial expansion of the CME. Then the sky plane speed

seems to be a reasonable representation of the CME initial

speed. An innovative analytical method has been derived by

Zhao et al., (2002) and Xie, Ofman and Lawrence (2004) to

determine the angular width and central position angle of a

cone model CME and the CME transit time was estimated

by using actual radial speeds for several cases.

Except for its initial speed, the transit time of the CME

also depends on the propagation process of the ICME in in-

terplanetary space and the direction of the CME eruption.

MacQueen, Hundhausen and Conover (1986) pointed out

that the propagation of CME transients in the inner corona

is “tilted” toward the solar equator and this may be the re-

sults of the nonradial force acting upon the CME material by

the background coronal magnetic and flow patterns. Since the

HCS is a characteristic reference surface for the organization

of solar wind plasma, the studies of the influence of the HCS

on the propagation of the solar disturbances in interplanetary

space have attracted a lot of attention. Wei and Dryer (1991)

analyzed 149 flare-shock wave events based on interplanetary

scintillation (IPS) observational data and found that the flare-

associated shock waves, deviating from the flare normal, tend

to propagate toward the low latitude region with respect to

the HCS. Also, the fastest propagation directions tend toward

the heliospheric current sheet near 1AU and the meridional

shape of the typical shock wave is roughly symmetrical rel-

ative to the heliospheric current sheet. Smith, Odstrcil and

Dryer (1998) performed a 2.5-dimensional MHD parametric

study to explore the effect of the HCS and HPS (heliospheric

plasma sheet) on the shock propagation and draw the con-

clusion that both the shock travel time and the shock prop-

erties at 1 AU are affected when the shock crosses the HPS

in which the HCS is embedded. In the prediction of the ar-

rival of shocks, both STOA (Dryer and Smart, 1984; Smart

and Shea, 1985) and ISPM (Smith and Dryer, 1990, 1995)

model consider the flare source as one of the parameters that

determine the arrival time of the shock.

All these studies mentioned above, such as the study of

considering the nonradial force acting upon the CME ma-

terial by the background coronal magnetic and flow pat-

terns, the result that the fastest propagation directions of

flare-associated shock waves tend toward the heliospheric

current sheet near 1AU, combined with our conclusion

about the influence of the HCS on the propagation of the

CME-ICME, imply that the helisohperic current sheet can

affect the CME’s moving in interplanetary space. But, how

to quantify this effect is a difficult task in our present knowl-

edge since the physical mechanism for CME’s formation,

the fundamental process of its propagation in interplanetary

space is unclear. After the establishment of the CMC, the

angle between the CME normal, the Sun-Earth line and the

HCS could provide us a candidate for quantifying such effect.

And in our CMC coordinate it is natural and convenient for
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Fig. 8 The scatter plot of the CME transit time (TT) versus
(Vp cos θ )0.30. The solid lines are the linear fitting

us to consider the angle between the solar disturbance (such

as CME) normal and the Sun-Earth line. As for the CME, the

angle θ from the CME eruption normal (connecting the cen-

ter O of the Sun to the source S of the CME) to the Sun-Earth

(the detector of the ICME) can be obtained conveniently in

our CMC system by cos θ = cos(λS − λE ) cos(ηE ), where

λS − λE and 0 − ηE denote the components of θ perpendic-

ular to and parallel to the ideal HCS. Then Vp cos θ stands for

the propagation speed of the CME in the direction toward the

Earth. This consideration motivates us to investigate the cor-

relation between [Vp cos θ ]β and the transit time (TT), where

β is adjustable. In this paper, we define the transit time (TT)

of the CME to be the difference in the timings of the first

appearance of the CME in the LASCO/C2 coronagraph and

the time of the arrival of the corresponding ICME in situ ob-

servation at L1 point. Then, it is found that β = 0.30 gives

the maximum correlation of C.C. = −0.7480 as displayed

in Fig. 8. Up to now we give a new prediction method for

the transit time of the CME based on its projected speed and

eruption direction relative to the Sun-Earth line:

T T = 152.8 − 11.49[Vp cos θ ]0.3 (4)

where TT and Vp are in units of hours and km/s, respectively.

The applicability range of this formula is 0.4 ≤ cos θ ≤ 1.0.

Figure 9(a) demonstrates the predicted results T Tpre of

the transit times for these 100 events in this method and the

observational values T Tobs. Fig. 9(b) shows the computed

error of this prediction (observation minus prediction). The

mean absolute error of this method is 10.33 hours for these

100 events. The results of the prediction test show the relative

errors δT T = |T Tobs−T Tpre|
T Tobe

≤ 10% for 45% of all events, ≤
20% for 73%, and only 9% of all events with relative errors

> 30%.

5. Conclusions and discussions

Based on the eruptive sources of CMEs and their coronal

magnetic environment, a current sheet magnetic coordinate

is established in order to study the propagation - arrival of

CMEs and their geoeffectiveness. In context of this coor-

dinate, the relative locations between the CME source, the

Earth and the HCS at CME erupting time can be investigated

conveniently. For the first time, the CME’s actual speeds and

source locations and their related positions with the HCS

are determined quantitatively by using coronagraph data and

solar photospheric magnetic field observation. These param-

eters are critically important in space weather modelling.

100 CME-ICME events during 1997.01–2002.11 are sta-

tistically studied to find that (1) CMEs, which have their

1AU counterparts near the Earth, erupt most frequently near

the heliospheric current sheet (HCS). The event frequency

of the same side (SS) events is obviously higher than that of

the opposite side (OS) events after considering the relative

positions of the CME source and the Earth with respect to the

HCS. And the intense geomagnetic storms are usually caused

by the SS events. The HCS might have the “impeding” effect

on CME’s trans-propagation; (2) the source of CME and its

nearby form of the HCS will also affect its arrival time at the

Earth.

By the way, based on the projected speed, source location

and the angular separation from CME normal to the Sun-

Earth direction, in context of the CMC coordinate we arrive

at a new prediction method for estimating arrival time. The

application of our empirical formula for 100 CME-ICME

events shows that the averaged absolute error for these 100

events is 10.33 hours.

While our method produces realistic advances using the

actual observation of CMEs such as speed, source location

and photospheric magnetic field observation, there are some

questions for improvement.

First, the three dimensional structure of the real HCS is

very complex, while the CMC is a static coordinate system.

In the establishment of the CMC system, we only consider

the influence of large-scale solar magnetic structures on in-

terplanetary disturbances, and neglect factors such as the ro-

tation of the Sun and the influence of other segments of the

HCS far away from the CME eruption region. Therefore our

model is an approximation to a certain extent.

Second, the prediction of interplanetary magnetic field

Bz in ICME, another important constraint on geoeffective

CMEs, is not addressed in the present study.

Finally, the accuracy of CME transit time prediction re-

lies on the accuracy of CME actual speeds, accelerations and

realistic solar wind ambient. Currently, apparent speeds and

accelerations of CMEs can only be measured within 30 Rs

(field of view of LASCO/C3). Theoretical and numerical

studies on the interaction between CMEs and the solar wind
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(a)
(b)

Fig. 9 (a) Comparison between
predicted and observed transit
times and (b) estimated error of
the predictions

in the interplanetary medium need to be investigated in order

to further improve predictions of transit times of the Earth

directed CMEs and provide reliable indicators for major ge-

omagnetic storms days in advance.
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