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[1] We have compared the prediction capability of two types of Sun-Earth connection
models: (1) ensemble of physics-based shock propagation models (STOA, STOA-2,
ISPM, and HAFv.2) and (2) empirical CME propagation (CME-ICME and CME-IP
shock) models. For this purpose, we have selected 38 near-simultaneous pairs of
coronal mass ejections (CMEs) and metric type II radio bursts. By applying the
adopted models to these events, we have estimated the time difference between
predicted and observed arrivals of interplanetary (IP) shocks and ICMEs at the Earth
or L1. The mean absolute error of the shock arrival time (SAT) within an adopted
window of ±24 hours is 9.8 hours for the ensemble of shock propagation models,
9.2 hours for the CME-IP shock model, and 11.6 hours for the CME-ICME model. It
is also found that the success rate for all models is about 80% for the same window.
The results imply that the adopted models are comparable in their prediction of the
arrival times of IP shocks and interplanetary CMEs (ICMEs). The usefulness of these
models is also discussed in terms of real-time forecasts, underlying physics, and
identification of IP shocks and ICMEs at the Earth. INDEX TERMS: 2722 Magnetospheric
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1. Introduction

[2] Most disturbances of the space environment are
thought to originate from various kinds of solar transient
dynamic features such as type II bursts, solar flares, and
coronal mass ejections (CMEs). In this respect, prediction
of their arrival times at the Earth several days in advance
has been regarded as an important ingredient of space
weather prediction objectives. That is, arrival of these
transient disturbances implies the possible initiation of
geomagnetic storms if sufficiently long and sufficiently
large-magnitude southward components of the interplane-
tary magnetic field (IMF) follow the shock and/or are
contained within the CMEs.
[3] An interplanetary (IP) shock is detected when simul-

taneous jumps in plasma and magnetic field properties of
solar wind are observed in the reference frame of a moving

spacecraft [Kartalev et al., 2001]. The IP shock is a
disturbance propagating into and through the expanding
solar wind. If the disturbance is sufficiently energetic, a
portion of the shock can arrive at Earth regardless of its
source location on the Sun. In this case, fast forward (FF)
shocks are most common in the solar wind. All the physical
parameters such as plasma density, temperature, plasma
speed (in the spacecraft frame), and magnetic field strength
abruptly increase at the FF shock discontinuity in accor-
dance with the Rankine-Hugoniot conditions.
[4] A CME that is associated with a solar flare and that

travels into the IP mediumwith its plasma structure and some
form of magnetic field pattern is called an interplanetary
coronal mass ejection (ICME). According to Gopalswamy et
al. [2001], it can be classified into two types: magnetic
cloud (MC) and ejecta (EJ). The MC is an extension of
magnetic flux ropes (via eruptive filaments) into IP space
with a high magnetic field, smooth north-south or east-west
rotation, low IMF variance, and low plasma beta [Burlaga,
1995]. In the case of EJ, the smooth rotation may not be
present because it does not have a distinct magnetic flux
rope. This latter and probably most common case is often
characterized (L. Burlaga, private communication, 2002) as
‘‘complex.’’ In a recent study (Table 2 of Cane and
Richardson [2003]), the fraction of ICMEs that have
magnetic cloud structures was, on average, 25% during
the 1996–2002 period. Thus identifications of ICMEs (EJs)
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are frequently ambiguous and difficult [cf. Gopalswamy et
al., 2001, Table 2]. The arrival of CMEs at the Earth can be
potentially geoeffective depending on their dynamical and
magnetic properties [Lin et al., 1998]. The first arrival of
the leading edge of the IP ejecta such as EJ or MC is used
as the identification of the CMEs at the Earth.
[5] There has been the long-standing controversy about

the relationship among metric type II bursts, flares, CMEs
and IP shocks [Chao, 1974, 1984; Wagner and McQueen,
1983; Gosling, 1993; Gosling and Hundhausen, 1995;
Svestka, 1995; Dryer, 1996; Gopalswamy et al., 1998;
Cliver et al., 1999]. The one-shock versus the two-shock
scenario was first suggested by Chao [1974, 1984], who
argued that flare-generated shocks are easily dissipated and
CME-generated shocks can last for a longer lifetime
because the latter ejecta, or CMEs, can be maintained strong
enough to generate IP shocks. Gopalswamy et al. [1998]
proposed that metric type II bursts are produced by flares
and then supported the idea that the metric type II shocks
(coronal shocks) and deca-hectometric (D-H) type II shocks
(IP shocks) are of independent origin as also suggested by
Wagner and McQueen [1983]. Gopalswamy et al. [1998]
reported that 93 metric type II bursts did not have IP
signatures using the data from November 1994 to June
1998. On the other hand, Cliver et al. [1999] insisted that
metric type II, EIT wave, and D-H type II bursts are driven
by fast CMEs. The recently observed EIT waves are found
to be associated with metric type II bursts [Klassen et al.,
2000; Gopalswamy et al., 2000a] in their speeds and
positions as well as with CMEs [Thompson et al., 2000].
A theoretical three-dimensional (3-D) magnetohydrody-
namics (MHD) model [Wu et al., 2001] demonstrated that
a pressure pulse (mimicing a flare) successfully reproduced
the basic features of the 12 May 1997 EIT wave as well as
the formation of local shocks and a density enhanced
structure that resembled the upwardly moving CME in the
corona. Recently, Reiner et al. [2001] suggested that the
harmonic component of metric type IIs can be possibly
related with D-H type IIs. Also, Leblanc et al. [2001]
argued from 10 type II bursts that the shock waves may
be driven by the CMEs all the way from �1R� to 1 AU. In
addition, they admitted for some events that the evidence
available cannot exclude the hypothesis that the shock is a
blast wave from the flare to 1 AU [Smart and Shea, 1985].
Cho et al. [2003] reported that CMEs and flares are initiated
nearly simultaneously, at least for type II associated events,
based upon the temporal relationship obtained from data
from May 1998 to December 2000.
[6] There are two kinds of models for the prediction of

the solar disturbance arrival at the Earth: (1) empirical CME
propagation models [Gopalswamy et al., 2000b, 2001,
2003] and (2) ensemble of physically based shock propa-
gation models [Fry et al., 2003]. The empirical CME
propagation models use initial plane-of-sky CME speeds
for prediction of ICME (MC or EJ) and IP shock at 1 AU.
The physical background assumed by the CME propagation
models is that a flare-associated coronal shock, detected by
the metric type II burst, will decay to a MHD wave close to
the Sun. This view maintains that a separate, unspecified
event will produce a CME that will produce its own shock
that, in turn, will propagate ahead of it to IP space. This is
basically the two (mutually independent)-shock scenario.

On the other hand, the ensemble of shock propagation
models uses coronal shock speeds from solar metric type
II radio data for prediction of the shock arrival at the Earth.
The shock propagation models are based on the one-shock
scenario that metric type II shocks, flares, and deca-hecto-
metric type II shocks can be directly related to in situ shock
and storm sudden commencement (SSC) events.
[7] Even though these models show the different propa-

gation (mass and shock) for different pairs of event (i.e.,
CME-ICME, CME-IP shock, and coronal shock-IP shock),
it would be meaningful to compare the difference between
estimated and observed arrival times of IP shocks and
ICMEs for near-simultaneous CME and metric type II
events. For this, we have considered 38 type II-CME events
among the 173 type II solar events studied by Fry et al.
[2003] according to their temporal and spatial proximity.
Then we apply two types of prediction models to these
events. The purpose of this paper is not only to compare the
prediction accuracy but also to discuss their usefulness as
prediction tools in terms of real-time forecasts, identifica-
tion of arrival time, more successful alarms, etc. In section 2,
we briefly describe the ensemble of shock propagation
models such as STOA, ISPM, HAFv.2, STOA-2, and the
empirical CME propagation models. We explain our data
and analysis of the selected 38 CME-type II events in
section 3. The predictability of the ensemble of the phys-
ically based shock propagation models and the empirical
CME propagation models is compared in section 4. A brief
summary and discussion are given in section 5.

2. Models

2.1. Ensemble of Shock Propagation Models

2.1.1. Shock Time of Arrival Model: STOA
[8] STOA is based on the theoretical concept of self-

similar blast waves modified by the piston-driving idea and
empirical shock shape in the ecliptic plane [Dryer and
Smart, 1984; Smart et al., 1984; Smart and Shea, 1985;
Lewis and Dryer, 1987]. The initial explosion (flare) drives
a shock. The shock is assumed to be initially driven at a
constant speed, Vs, for a specified length of time (using
GOES X-ray duration as a proxy) as discussed by Smith et
al. [1994]. The shock then decelerates as a blast wave
(where Vs � R�1/2 and R is the heliocentric radius) as it
expands outward. Required observational data are as fol-
lows: flare’s heliolongitude, start time of the metric type II
radio drift, the initial shock speed, the proxy piston driving
time duration, and the L1 solar wind speed, Vsw, at
approximately the time of the flare. Detailed descriptions
of the model are well presented by several authors [e.g.,
Dryer and Smart, 1984; Smart and Shea, 1985; Smith et al.,
2000; Fry et al., 2001].
2.1.2. A Revised STOA Model: STOA-2
[9] Noting the observational and numerical finding that

the radial velocity of shock waves depends on the initial
shock velocity, Moon et al. [2002a] suggested a simple
modified STOA model (STOA-2) which has a linear rela-
tionship between the initial coronal shock wave velocity
(Vis) and its deceleration exponent(N), N = 0.05 + 4 �
10�4Vis, where Vis is a numeric value expressed in units of
km s�1. They showed that the STOA-2 model not only
removes a systematic dependence of the transit time differ-
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ence predicted by the previous STOA model on initial
shock velocity but also reduces the number of events with
large transit time differences. Input parameters of the
STOA-2 model are the same as those of the STOA model.
2.1.3. Interplanetary Shock Propagation Model: ISPM
[10] The ISPM is based on a parametric study of 2.5-D

MHD simulations [Smith and Dryer, 1990]. Those calcula-
tions used a range of input shock speeds, temporal durations,
and longitudinal widths (at the Sun) to mimic the solar flare
over a range of helio-longitudes relative to the Earth’s
location. This study showed that the propagation of the
resulting shock waves primarily depends upon the net input
energy. If the net energy ejected into the solar wind by a solar
source and the source’s longitude are known, then the transit
time to, and the strength of the shock at 1 AU may be
computed from algebraic equations given by Smith andDryer
[1995]. This model also gives an estimate of the shock
strength that is used as an indicator of confidence in the
prediction. Smith and Dryer [1995] described the details of
this model and the functions in the energy-longitude space.
2.1.4. Hakamada-Akasofu-Fry SolarWind Model:
HAFv.2
[11] The HAF (version 2) is a ‘‘modified kinematic’’ solar

wind model. ‘‘Kinematic’’ means that the model kinetically
projects the flow of the solar wind from inhomogeneous
sources near the Sun out into IP space. ‘‘Modified’’ means
that the model adjusts the flow for stream-stream interactions
as faster streams overtake slower ones. The model has
important advantages over the other shock propagation
models by providing a global picture of multiple and interact-
ing shocks that propagate into nonuniform, stream-stream
interacting solar wind flows. The input data to the model are
similar to those used by the STOA and ISPM models as
provided by the real-time observations discussed earlier. The
HAFv.2 calculates solar wind speed, density, magnetic field,
and dynamic pressure as a function of time and location. The
model also gives an estimate of the confidence of predictions
via a temporal stepwise calculation of a ‘‘Shock Searching
Index’’ which is the logarithm (base 10) of the normalized
dynamic pressure jump along the nonuniform shock surface.
A detailed description of this model is given by Hakamada
and Akasofu [1982] and Fry et al. [2001].

2.2. Empirical CME Propagation Models

2.2.1. CME-ICME Model
[12] Under the assumption that the speed of a CME

changes between the Sun and the Earth due to the drag
exerted by the solar wind on the CME, Gopalswamy et al.
[2000b] presented an empirical model for CME propagation
which is able to predict how much time it takes for a CME
to travel the distance between the Sun and the Earth.
Gopalswamy et al. [2001] improved their model and eval-
uated the prediction capability of the model for 47 CME
events, 19 of which were labeled with question marks
for their ICME counterparts [Gopalswamy et al., 2001,
Table 2]. They found that the CMEs are first subjected to
an IP acceleration and then allowed to propagate freely
beyond an acceleration-cessation distance (0.76 AU). The
mean error of the model corresponding to the acceleration-
cessation distance was presented as 10.7 hours. The model
is in good agreement with the observations for high-speed
CMEs (u > 600 km s�1). However, the agreement is not so

good for low-speed events; this fact was attributed to the
likelihood that slow CMEs might stop accelerating before
reaching 0.76 AU [Gopalswamy et al., 2001].
2.2.2. CME-IP Shock Model
[13] Gopalswamy et al. [2003] extended the CME-ICME

model to predict IP shock arrivals at the Earth by using the gas
dynamic, one-dimensional, time-dependent (shock-tube),
piston-shock relationship [Landau and Lifshitz, 1987]
between the piston speed and the speed of the shock ahead
of the CME for the limiting case of infinite sonic Mach
number. To obtain the shock arrival time (SAT), they consid-
ered the position of the piston for the CME to be at 0.5AU and
derived the standoff distance between the leading edge of
the MC and the shock by using an empirical relationship for
the two-dimensional, steady-state, solid body-bow shock
standoff distance. The standoff distance is then used to obtain
the SAT by shifting the CME arrival time in accordance with
the distance. They analyzed a set of 29 IP shocks and the
associated MCs observed by the WIND spacecraft and
concluded that the piston-shock relationship holds.

3. Selection of Events

[14] The accuracy of STOA and ISPM was first evaluated
in a real-time forecast study [Smith et al., 2000]. Recently,Fry
et al. [2003] compared the performance of the HAFv.2 model
with the performances of the STOA and ISPM models for
173 metric type II events during the rise of solar maximum
from February 1997 to October 2000. Their statistical com-
parison between the models showed them to be practically
equivalent in predicting SAT. The uncertainty of the SAT
estimates as determined by RMS error is about 12 hours for
each model. On the other hand, Gopalswamy et al. [2001]
applied the CME-ICME propagation model to 47 CME
events observed fromDecember 1996 to July 2000 bySOHO.
Then they showed that the average prediction error of the
model is 10.7 hours. Gopalswamy et al. [2003] extended the
CME-ICME model to predict 1 AU arrival of IP shocks as
discussed in section 2.2.2. They used a set of 29 IP shocks and
the following ICMEs observed by WIND spacecraft from
January 1997 to May 2002 and concluded that empirically
shifting the CME-ICME model by an interval corresponding
to the gas dynamic bow shock standoff distance provided a
simple, however physically inconsistent, means of estimating
the shock arrival time.
[15] The prediction errors of these models are not conclu-

sive because these values are obtained from different data
sets. Recently, it has been suggested that CMEs and flares
(metric type II) are initiated nearly simultaneously [e.g.,
Zhang et al., 2001; Neupert et al., 2001; Moon et al.,
2002b; Cho et al., 2003; Shanmugaraju et al., 2003]. There-
fore it would be meaningful to compare the prediction errors
of the above two types of models for near-simultaneous
CME-metric type II events. Thus we select the CMEs that
have the temporal and spatial proximity to the type II events in
Table 1 of Fry et al. [2003]. For this, we use the first C2
appearance time, position angle, and linearly fitted speeds of
the CMEs that were adopted from SOHO/LASCO CME
Catalog of CSPSW/NRL (available at http://cdaw.gsfc.nasa.
gov/CME_list/). The errors of the CME speeds are known by
their experience to be typically 10% but sometimes 30%
(S. Yashiro, private communication, 2002).
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[16] The procedure for examining the arrival time pre-
dictions of ICMEs and IP shocks for the near-simultaneous
events are summarized as follows: (1) From the 173 type II
events of Fry et al. [2003], we choose a total of 101 CMEs
that are within a threshold window (±90 min). (2) We select
89 events from this group by comparing the position angles
and the coordinate information of the associated flares.
(3) We apply the adopted prediction models (the ensemble
of shock propagation models and the empirical CME
propagation models) to the selected events. Then we look
for IP shocks that appear near the predicted times. For this,
we examine the IP shocks identified by Fry et al. [2003]
who used the NOAA/SEC 1-min resolution ACE and/or
WIND plasma and field data, searching for simultaneous
jumps in velocity, density, temperature, and total magnetic
field magnitude according to the Rankine-Hugoniot rela-
tions. As a result, we identified 38 IP shocks. (4) We then
search for ICMEs associated with the 38 IP shocks. For the
identification of ICMEs, we look for MC and EJ from in
situ magnetic field-plasma measurements and particle de-

tection of ACE (available at http://www.srl.caltech.
edu/ACE/ASC/level2/index.html). According to Burlaga
[1995] and Berdichevsky et al. [2002], a MC is defined as
a large flux-rope structure of an almost cylindrical shape
with low plasma beta (<0.1), high alpha/proton ratios
(>0.6), enhanced magnetic field strength (>10 nT), and a
large and smooth rotation of the magnetic field direction. In
the case of EJs, which are not flux ropes and have
disordered magnetic fields, smooth rotation may not be
present. We also refer to previously identified sources of
ICMEs [Gopalswamy et al., 2001; Cane and Richardson,
2003] and the Magnetic Cloud Table (available at http://
lepmfi.gsfc.nasa.gov/mfi/mag_cloud_pub1p.html).
[17] Figure 1 presents typical observations of EJ (left

panels) and MC (right panels) showing signatures of IP
shocks and ICMEs. Starting from the top, the first panel
contains the solar wind speed as measured by the ACE
spacecraft. The second panel presents the magnitude of
magnetic field. The horizontal dashed line in this panel
indicates the historical value of 5.5 nT that supposedly

Figure 1. Representative examples of observed IP shock and ICME event at 1 AU as measured by the
ACE spacecraft. The left vertical dashed line indicates the arrival time of the IP shock and the right dotted
line denotes the arrival time of ICME. Dashed lines across each panel indicate the value of 5.5 nT (jBj),
0.1 (bp), 2.3% (Na/Np) as ICME signatures for either Ejecta (EJ) or Magnetic Cloud (MC).
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‘‘defines’’ the occurrence of an ICME when taken with the
other parameters [Berdichevsky et al., 2002]. The third panel
presents the latitude of the magnetic field in the spacecraft-
centered coordinate system. The fourth panel shows the
proton plasma beta (bP), and the bottom panel is the ratio of
alpha particle to proton density, Na/NP. A dashed line across
the Na/NP panel gives 2.3% which is the approximate mean
value of this density ratio [see, e.g., Berdichevsky et al.,
2002]. While large ICMEs obviously satisfy the definitions
suggested by Burlaga et al. [1981], small ones have many
small and less obvious structures. The uncertainty in deter-
mination of the ICME’s leading edge can be several hours
for different criteria. On the basis of these observational
criteria, we have identified 22 ICME events. It is noted that
most of the ICMEs (17/22 or 77%) originated from halo
CMEs, which is consistent with the results of Gopalswamy
et al. [2003].
[18] Table 1 shows the details of the 38 near-simultaneous

CME-type II burst events that are followed by IP shocks
and/or ICMEs. The first six columns give the type II burst

Table 1. Solar Disturbances and Their Arrivals at L1

Event Solar Disturbances Arrival Time

No.f Date/UT (CME) P.A.a VCME (km/s) Vtype II (km/s) �TCT
b (min) Date/UTc (Shock) Date/UTd (ICME)

2 970407/1427 Halo 830 800 29 0410/1258 0411/0600(E)
3 970512/0630 Halo 464 1400 74 0515/0115 0515/1000(M)
5 971104/0610 Halo 785 1400 2 1106/2218 1107/0530(M)
6 971127/1357 98 441 700 40 1130/0714 –
22 981105/2059 Halo 1124 900 68 1108/0420 1108/0900(M)
38 990209/0533 235 808 600 14 0211/0858 –
44 990308/0654 115 664 700 16 0310/0038 –
55 990622/1854 Halo 1133 1400 30 0626/0217 0626/0500(E)
57 990629/0554 Halo 589 750 39 0702/0025 –
60 990711/0131 81 318 650 78 0713/0845 –
62 990719/0306 Halo 430 500 50 0722/0950 –
70 990804/0626 262 405 462 34 0808/1750 0809/1048(E)
74 990820/2326 95 812 700 9 0823/1130 –
78 990828/1826 120 462 600 19 0831/0131 –
79 990830/0850 9 404 700 47 0902/0935 –
80 990913/1731 109 444 500 69 0915/2005 –
97 991222/0230 Halo 570 500 29 1226/2126 1227/1800(E)
102 000118/1754 Halo 739 400 35 0122/0023 0122/1800(E)
104 000208/0930 Halo 1079 600 33 0211/0213 0211/1000(M)
105 000210/0230 Halo 944 1100 42 0211/2318 0212/1500(M)
106 000212/0431 Halo 1107 700 25 0214/0656 0215/0000(M)
108 000217/2130 Halo 550 550 66 0220/2050 0221/0948(E)
129 000430/0854 186 540 700 49 0502/1044 –
130 000510/2006 83 641 680 28 0512/1712 0514/0300(M)
133 000520/0626 187 557 500 30 0523/2315 –
135 000606/1554 Halo 1119 1189 31 0608/0840 0608/1200(M)
136 000607/1630 Halo 842 826 40 0611/0716 0611/0900(E)
140 000615/2006 298 1081 996 20 0618/1702 –
142 000618/0210 307 629 660 12 0621/1500 –
151 000710/2150 67 1352 1300 27 0713/0918 –
152 000712/2030 281 820 950 16 0714/1532 0715/0600(M)
153 000714/1054 Halo 1674 1800 34 0715/1437 0715/2200(M)
158 000722/1154 304 1230 1000 29 0725/1322 –
159 000725/0330 Halo 528 903 41 0728/0541 0728/1500(E)
165 000901/1854 244 411 500 27 0906/1612 0907/0400(E)
169 000916/0518 Halo 1215 773 45 0917/1657 0918/0100(M)
171 001001/1350 94 427 1100 38 1003/0007e 1005/1200(M)
172 001009/2350 Halo 798 925 12 1012/2144 1013/1700(M)
aPosition angles of CMEs.
bTime difference between the first CME appearance and the starting of type II bursts.
cObserved shock arrival date and time at L1.
dObserved CME arrival date and time at L1. M denotes Magnetic cloud and E, Ejecta.
eICME associated IP shock which was observed at 1005/0241 (UT).
fEvent numbers are taken from the metric type II/flare events in the work of Fry et al. [2003].

Figure 2. Histogram showing time difference between the
first appearance of CME and the starting of the type IIs.
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event number from Fry et al. [2003], the first CME
appearance (time) in the C2 image, the position angle of
the CME measured counterclockwise in degrees from solar
north, the linearly fitted speed of the CME, the mean speed
of the type II radio burst, and the difference between the
first C2 appearance time and the starting time of the type
II burst, respectively. All CME information is taken from
the SOHO/LASCO CME Catalog of CSPSW/NRL, and
the details of the type IIs can be found in Table 1 of Fry
et al. [2003]. The seventh and eighth columns represent
the arrival times of the shocks and the ICMEs at 1AU,
respectively.

4. Results

[19] Figure 2 is a histogram showing the difference
between the first appearance time of the CMEs in the
LASCO C2 field-of-view (taken as the ‘‘starting’’ time of
the CMEs) and the starting time of the type IIs for the
selected 38 events. In all cases, the type II onset occurred

prior to the CME appearance in the LASCO images. Their
mean time difference is 35 min. The average speeds of the
CMEs and the type IIs are 762 km s�1 and 827 km s�1,
respectively.
[20] By applying the adopted prediction models to the

selected type II-CME events and using the arrival times of
IP shocks and ICMEs, we estimated the difference between
the predicted time and the observed time for each model. In
Table 2, the first four columns give the event number from
Fry et al. [2003] and the transit times of IP shocks and
ICMEs from the Sun to the Earth and the time lags between
IP shock and ICME arrivals. The �T 0s in the latter six
columns are the time differences between predicted transit
times by the adopted models and observed ones for the
shocks and ICMEs. All of the 22 identified ICMEs are
preceded by IP shocks as shown in Table 2. The mean time
interval between the shock arrival and the arrival of the
trailing ICME at the Earth is about 12 hours, which is
comparable to the estimates of Berdichevsky et al. [2002].

Table 2. Transit Times of Shock and ICME and the Discrepancies Between Prediction and Observation for Each Model

Event Transit Time Prediction Difference

No. TTS
a (hr) TTC

b (hr) �TSI
c (hr) �TG

d (hr) �TG2
e (hr) �TS

f (hr) �TS2
g (hr) �TI

h (hr) �TH
i (hr)

2 71 87.5 �17.0 �10.9 �11.4 0.1 �3.8 2.1 �11.0
3 68 75.5 �8.75 26.9 17.0 �22.2 �9.8 �38.5 �31.3
5 64.2 71.3 �7.2 9.7 �1.6 �12.3 �3.0 �24.2 �23.3
6 65.9 – – – – 20.8 12.5 – �21.8
22 56.5 60.1 �4.6 �7.0 �13.9 6.6 3.8 0.3 �2.3
38 51.7 – – – – 32.5 17.9 – 7.0
44 42 – – – – 32.0 27.8 – 52.4
55 79.9 82.1 �2.71 �31.6 �38.3 �26.9 �9.6 �40.9 �37.3
57 67.2 – – – – �1.2 �3.6 14.8 �7.4
60 56.5 – – – – 51.5 39.4 – 17.3
62 79.6 – – – – 10.4 �3.6 8.4 �12.9
70 108 124.3 �16.9 �20.9 �21.4 mhd** �20.6 mhd –
74 60.2 – – – – 8.8 5.5 – 54.5
78 55.4 – – – – 2.6 �7.5 16.6 �5.5
79 63.5 – – – – �7.5 �10.2 �1.5 �0.5
80 51.7 – – – – 10.3 3.3 48.3 3.9
97 115.4 135.5 �20.56 �36.8 �36.6 �15.4 �33.0 – �38.4
102 79.1 96.1 �17.6 �10.5 �12.4 mhd �0.4 mhd 1.6
104 65.3 72.5 �7.78 �16.6 �21.0 �4.3 �9.1 10.7 22.7
105 45.5 60.5 �15.7 5.6 6.5 6.5 7.4 �5.5 7.7
106 50.8 67.5 �19.5 �13.4 �5.7 6.2 1.6 27.2 17.1
108 72.4 84.3 �12.9 15.3 8.1 �8.4 �19.1 0.6 �11.8
129 50.6 – – – – 17.4 11.7 12.4 �6.7
130 45.6 78.9 �33.8 15.2 28.4 28.4 21.6 18.4 16.8
133 89.3 – – – – �14.3 �25.7 10.7 �18.2
135 41.3 44.1 �3.3 9.2 0.96 7.7 10.5 �3.3 �4.7
136 87.4 88.5 �1.73 �12.0 �28.5 �30.4 �34.0 �28.4 �34.2
140 69.3 – – – – �17.3 �17.4 18.7 5.9
142 85.0 – – – – mhd �0.3 mhd 15.0
151 59.9 – – – – �13.9 �5.9 �14.9 �8.3
152 43.3 57.5 �14.4 20.15 16.8 21.7 21.8 mhd 41.5
153 28.3 35.1 �7.3 �3.35 �2.33 0.7 31.5 �3.3 �0.6
158 73.9 – – – – �9.9 �9.5 mhd �3.3
159 74.9 88.5 �9.3 17.07 6.49 5.1 5.8 �6.9 �25.7
165 117.8 129.1 �11.8 �25.7 �31.4 mhd �42.5 mhd �0.2
169 36.4 43.7 �8.05 4.18 2.0 30.6 24.9 23.6 12.1
171 34.9 (84.9j) 94.17 �59.3 (�9.3j) 8.98 (0.4j) 19.1 20.5 6.1 8.9
172 70.1 89.2 �19.26 �9.34 �8.3 �13.1 �13.4 �24.1 �13.7
a,bTransit time of observed IP shock and ICME.
cTime lag between IP shock and ICME.
d,ePredicted - observed transit time for the CME-ICME model and the CME-IP shock model. The subscripts G and G2 refer to the procedures given by

Gopalswamy et al. [2001] and Gopalswamy et al. [2003], respectively.
f,g,h,iPredicted transit time minus observed transit time for STOA, STOA-2, ISPM, and HAFv.2, respectively.
jDerived by using the ICME associated with the IP shock observed at 001005/0241 (UT).
kmhd: indicates that the specific model (here, STOA and ISPM) predicted that the portion of the shock that was headed toward Earth had decayed to an

MHD wave prior to reaching this position.
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[21] Figure 3 shows the IP shock transit time as a function
of the corresponding coronal shock speed along with a
straight line fit to the scattered data. It ranges from 28 to
118 hours with a mean value of 66 hours. There is an
approximate linear trend that a fast coronal shock has a short
transit time, as would be expected, regardless of the helio-
longitude of its solar source. In Figure 4, we plot the transit
time of observed ICMEs (diamonds) and IP shocks (crosses)
for the 22 events as a function of CME speed. The difference
between the number of solar-observed CMEs (38) and
IP-observed ICMEs (22), by the criteria discussed above, is
probably due to the likelihood of the higher collimation, thus
avoiding Earth encounter of the MCs or EJs from solar
sources located far from central meridian.
[22] In order to examine in more detail the relationship

between the initial speeds and transit times of shocks and

CMEs, we present mean transit times within a speed
window of 200 km s�1 and their errors in Figure 5. As
seen in the figure, the transit time of an CME is more
dependent on its initial CME speed than that of an IP shock
on the coronal shock speed.
[23] The number of events that are predicted by the shock

and CME propagation models within an arbitrarily chosen
window of ±60 hours are 34 (STOA), 38 (STOA-2),
26 (ISPM), 37 (HAFv.2), and 22 (empirical CME propaga-
tion models), respectively. Figure 6 shows histograms of the
time differences for the ensemble of shock propagation
models. Their statistical results are summarized in Table 3,
where three time windows (12 hours, 24 hours, and
60 hours) for correct prediction are adopted to derive their
mean and RMS errors. As seen in Table 3, the prediction
errors and success rates of the STOA, STOA-2, ISPM, and
HAFv.2 models are comparable to one another. The average
error for all models within ±24 (12) hours is about 9.8 (5.6)
hours. Their success rates are about 80% for the 24-hour
window and 50% for the 12-hour window. Figure 7 presents
the time difference between predicted and observed for
the empirical CME propagation models. The CME-ICME
model predicts 18 (11) of the 22 events within ±24 (12)
hours, and their mean error is 11.6 (7.8) hours. These
statistical results are also listed in Table 3 and compared
with the other models. The derived mean error of the CME-
ICME model is comparable not only with that (10.7 hours)
of Gopalswamy et al. [2001] but also with those of the shock
arrival models. The CME-IP shock model predicts 17 (11)
of the 22 events within ±24 (12) hours and their mean error
is 9.2 (4.9) hours. As seen in Table 3, statistical results
strongly depend on an adopted window. When the window
is reduced from ±24 hours to ±12 hours, the ICME predic-
tion error becomes bigger than the average of the shock
prediction error, which might be attributed to the uncertainty
of ICME arrival identification as discussed earlier.
[24] In all the histograms except the result of the STOA-2

model, the plots in Figure 6 and Figure 7 do not have normal
distributions, and each model shows different error patterns.

Figure 3. Metric type II speed (Vs) versus the transit time
(TTshock) of IP shocks. The dashed line is a straight-line fit to
the data points.

Figure 4. Initial speed of CMEs vs the transit time of
ICMEs (TTC) and IP shocks (TTS). The solid and dotted
lines denote the CME-ICME model and the CME-IP shock
model, respectively. Crosses indicate observed shocks, and
diamonds indicate observed ICMEs.

Figure 5. Mean transit time of IP shocks (squares) and
ICMEs (diamonds) as a function of their initial speed, i.e.,
the coronal shock speed and the CME speed in LASCO
field of view. The error bars are the mean standard
deviations within a speed window of 200 km s�1.
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If the shock and CME propagations are mainly accounted for
by these models and affected additionally by other minor
factors, the number distribution of transit time differences
would follow a normal distribution with a peak around zero.
However, we have several error sources such as assumed
coronal density distribution, plane-of-sky speed of CME,
complex heliospheric environments, and solar wind inhomo-
geneities [Aubieret al., 1986;Moon et al., 2002a]. These error
sources may not be minor for some cases and can result in
complex distributions of transit time differences. By exam-
ining the discrete pattern of the transit time differences for the
STOA and STOA-2 models, Moon et al. [2002a] suggested
that inhomogeneous density distributions in the solar corona
are a plausible near-Sun origin for the transit time difference.
Thus our judgment is reserved for further studies using more
extended data samples and improved 3-D MHD propagation
models [cf. Dryer, 1994].

5. Summary and Discussion

[25] In this paper, we have compared the prediction capa-
bility of two types of Sun-Earth connection models:
(1) ensemble of shock propagation models (STOA, STOA-

2, ISPM, and HAFv.2) and (2) empirical CME propagation
(CME-ICME and CME-IP shock) models. For this objective,
we have applied these models to 38 near-simultaneous CME-
metric type II burst events. That is, these events can reason-
ably be taken to be associated with specific solar flares as
given byFry et al. [2003].Major results from this study can be
summarized as follows:
[26] 1. The mean time difference between the first CME

appearance in the LASCO C2 field of view and the starting

Figure 6. Histograms showing the time difference between predicted and observed for the ensemble of
shock propagation models using 6-hour bins. Transit time difference �TP (= TTP � TTS) is based on the
STOA, STOA-2, ISPM, and HAFv.2 models.

Table 3. Number of Correct Predictions and the Prediction Errors

for Each Model

STOA STOA-2 ISPM HAFv.2 CME-ICME CME-IP

No.(�±60h) 34 38 26 37 22 22
RMS(�T) 18.9 18.3 20.3 21.6 17.3 18.6
Mean(�T) 14.5 14.4 15.8 16.3 15.0 14.5

No.(�±24h) 27(77%) 30(76%) 19(73%) 29(78%) 18(81%) 17(77%)
RMS(�T) 12.8 11.7 11.6 12.0 12.6 11.4
Mean(�T) 10.5 9.7 9.4 9.9 11.6 9.2

No.(�±12h) 16(46%) 21(53%) 12(46%) 18(49%) 11(50%) 11(50%)
RMS(�T) 6.9 6.9 6.1 6.4 8.7 6.0
Mean(�T) 6.0 6.0 5.0 5.4 8.2 4.9
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time of type II bursts for the selected events is found to be
35 min. The average speeds of the CMEs and the metric type
IIs are 762 km s�1 and 827 km s�1, respectively. These results
are consistent with recent results of Shanmugaraju et al.
[2003] and Claßen and Aurass [2002] who studied the
association between type II radio bursts and CMEs during
the last solar maximum period 1999–2001.
[27] 2. Most of the identified ICMEs are preceded by

IP shocks. The mean time difference between the IP shock
and ICME arrivals at the Earth is about 12 hours, which
is consistent with previous results [e.g., Berdichevsky et
al., 2002; Oh et al., 2002; Cane and Richardson, 2003;
Gopalswamy et al., 2003].
[28] 3. The estimated mean error of the shock arrival time

(SAT)within an adoptedwindow of ±24 hours is 9.8 hours for
the ensemble of shock propagation models, 9.2 hours for the
CME-IP shock model, and 11.6 hours for the CME-ICME
model.
[29] 4. The success rates are found to be about 80% for

the adopted window of ±24 hours and comparable to one
another. There are 20% of cases where the predictions
exceed 24 hours in errors. We can think of four possible
reasons for this large uncertainty as follows. (1) There are
shock speed errors that originated from the assumed coronal
density. In fact, coronal density is quite inhomogeneous
(e.g., helmet streamer and coronal hole). Regarding this,
Sun et al. [2002] suggested that a 3-D MHD coronal density
model should be developed for time-specific and location-
specific solar flares and their associated type II radio burst
and/or CME observations. (2) CME speeds have projection
effect uncertainties that can result in underestimations. For
example, Gopalswamy and Kaiser [2002] argued, from
radio observations, that the plane-of-sky speed of a partic-

ular halo CME was smaller than the speed in the direction
of the Earth by at least a factor of two for a centrally located
flare eruption. (3) There may be complex heliospheric
environments such as shock-shock, shock-ICME, and
ICME-ICME interactions. (4) We might have made some
misidentifications (i.e., wrong linkage between the solar
source and the IP consequence).
[30] Summing up, the predictability of two types of the

Sun-Earth connection models is comparable to each other in
terms of their prediction errors. In addition, their prediction
capability may be discussed in the following several
aspects. First, both types of models can, obviously, be used
for real-time forecasts of solar disturbances. In fact, the
ensemble of the shock propagation models has been
employed in real-time to predict the arrival time of IP
shocks using type II burst data for a few years (e.g.,
http://www.expi.net/expinet/tools.html). A similar type of
prediction may be possible for the CME propagation models
since near real-time data of CMEs (e.g., SOHO/LASCO)
are available. If all CMEs are considered in these models,
there would be numerous false alarms. To avoid such false
alarms, some procedures to select geoeffective CMEs are
required (e.g., halo CMEs). In addition, a predictability test
based on a contingency table [e.g., Smith et al., 2000; Fry et
al., 2003] would be meaningful. Second, while the shock
propagation models are based on the one-shock scenario
whereby a sufficiently strong coronal shock propagates into
the heliosphere and arrives at the Earth, the CME propaga-
tion models are based on the premise of the two-shock
scenario and empirical relationships between kinematic
parameters. Also, the latter models make no provision for
noncircular shock or ICME shapes in the ecliptic plane. As
discussed in the Introduction, the origins of coronal and IP

Figure 7. Histograms showing the time difference between predicted and observed for the empirical
CME propagation models using 6-hour bins. Transit time differences (�TG and �TG2) are derived by the
CME-ICME model and the CME-IP shock model, respectively.
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shocks are in debate. Thus further detailed investigations are
required to compare the shock propagation models with the
CME-IP shock model in terms of geoeffective origin and
their underlying physics. Third, these models may be
compared in terms of the identification of IP shock and
ICME arrivals. In practice, the identification of IP shocks is
much easier than that of ICMEs. The latter is highly
subjective due to the fact that there are some ambiguities
involved in the identification of ICME arrivals as discussed
in section 3. We feel that both types of models (physics-
based vis-a-vis empirical-based) can be complementary to
each other in terms of practical forecasts of the arrival times
of solar disturbances at the Earth. Finally, however, we also
feel that future improvements in the understanding and
global insight of the disturbances discussed here, as well
as in their operational utilization, will be dependent on
physics-based model developments.
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