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ABSTRACT

Coronal mass ejections (CMEs) play an important role in space weather studies because of their ability
to cause severe geoeffects, such as magnetic storms. Shocks driven by CMEs may also accelerate solar
energetic particles. Prediction of the arrival of these CMEs is therefore of crucial importance for space
weather applications. After a brief review of the prediction models currently available, a description of
an empirical model to predict the 1 AU arrival CMEs is provided. This model was developed using two-
point measurements: (i) the initial speeds and onset times of Earth-directed CMEs obtained by white-light
coronagraphs, and (ii) the corresponding interplanetary CME speeds and onset times at 1 AU obtained in
situ. The measurements yield an empirical relationship between the interplanetary acceleration faced by
the CMEs and their initial speeds, which forms the basis of the model. Use of archival data from spacecraft
in quadrature is shown to refine the acceleration versus initial speed relationship, and hence the prediction
model. A brief discussion on obtaining the 1-AU speed of CMEs from their initial speeds is provided.
Possible improvements to the prediction model are also suggested.

INTRODUCTION

Space Weather conditions are primarily driven by the activity on the Sun, directly related to the evolution
of open and closed magnetic fields. The open magnetic fields carry high speed solar wind while solar
eruptions occur in closed magnetic field regions, such as active regions, filament regions or a combination
thereof. Apart from electromagnetic radiation, which reaches Earth in minutes, solar eruptions result in
three propagating entities that may affect the near-Earth space environment: coronal mass ejections (CMEs)
(observed in the solar wind as magnetized plasma ejecta), solar energetic particles (SEPs), and interplanetary
(IP) shocks. These entities are not independent: Fast mode shocks are driven by solar ejecta and the shocks
in turn accelerate SEPs. A class of IP shocks have been observed without obvious drivers behind them
(Schwenn, 1996) but we now know that these shocks are driven by CMEs (Gopalswamy et al. 2001a)
traveling perpendicular to the Sun-Earth line. Short-lived SEPs can also result from solar flares without
accompanying mass ejections (see, e.g., Reames 1996 for a review). For space weather applications, one
should be able to predict quantitative information, such as the time of arrival. It is well known that the
SEPs typically arrive within an hour after their injection near the Sun and that it is very difficult to predict
their onset. More important are the particles that arrive along with the IP shock, commonly referred to as
“energetic storm particles” or ESPs. These “shock enhancements” could be up to two orders of magnitude
larger in flux and hence pose a hazard to astronauts and space-based technological systems. Thus, prediction
of the arrival of IP shocks in the vicinity of Earth is a crucial element in space weather research. Since there
is a definite relationship between CMEs and IP shocks (see, e.g., Sheeley et al., 1985), prediction of one of
them should be often sufficient. In this paper, we review some of the current efforts in predicting the arrival
of CMEs at 1 AU based on remote sensing while the CMEs are still near the Sun.



CURRENT MODELS

It was recognized long ago that IP shocks are one of the earliest signatures of solar disturbances and have
been extensively studied from the point of view of geoeffects (Chao and Lepping, 1974; Russell et al., 1983;
Marsden et al., 1987; Lindsay et al., 1994). Although it was recognized early on that most of the IP shocks
were associated with white-light CMEs (Sheeley et al., 1985), the initial attempts to predict the arrival of IP
shocks were not based on CMEs: The Shock Time Of Arrival (STOA) model (see, e.g., Smart and Shea 1985)
and the Interplanetary Shock Propagation Model (ISPM, Smith and Dryer, 1990). Both of these models use
observations of metric type II bursts as the primary source of input. Metric type II bursts indicate shocks
in the inner corona. The shock speed is estimated from the drift rate of type II bursts assuming a density
model for the corona. Propagation of these coronal shocks through the IP medium is studied in order to
predict their arrival time and strength at 1 AU.

In the STOA model, a flare explosion drives a shock which propagates initially at a constant speed,
followed by a deceleration of the blast wave. The shock propagates quasi-spherically through a radially-
variable solar wind, centered at the flare site. The shock is assumed to be perpendicular and driven for
the duration of the flare. Tt is also assumed that the events are sufficiently far apart that there is no shock
interaction in the IP medium. The ISPM uses the same inputs as the STOA model, but assumes an upper
cut-off of two hours for the flare duration.

There are a few basic problems with these models. First, observations do not seem to support the
predictions of these models. It was pointed out by Gopalswamy et al. (1998a) that there was very little
correspondence between coronal shocks inferred from metric type II bursts and the IP shocks detected in
situ over a period of 18 months. In a more comprehensive study, Gopalswamy et al. (2001a) compared
137 metric type II bursts and 49 IP events (ejecta and IP shocks) that occurred during November 1994 to
June 1998. They looked for 1 AU counterparts of a subset of 44 coronal shocks inferred from on-disk metric
type II bursts and solar counterparts of IP events. The reason for using on-disk type II bursts is that these
are the events that are likely to have near-Earth signatures. Imposing the constraint that near-Sun and
near-Earth manifestations should have corresponding signatures within 5 days, they found that (i) most (93
%) of the metric type II bursts did not have IP signatures and (ii) most (80 %) of the IP events (IP ejecta
and shocks) did not have metric counterparts. Kadinsky-Cade et al. (1998) and Quigley and Kadinsky-Cade
(2000) have accumulated a huge data base of metric type II bursts and flares for testing the STOA model
and ISPM. Their initial finding was that the “results are disappointing”. Second, these models have an
inner computational boundary at 18 solar radii (Rg). Between the solar surface and 18 Ry, the corona
changes its structure rapidly and the radial profiles of physical quantities are not uniform. One of the most
important parameters that determines shock propagation is the speed profile of the fast mode. This speed
starts at a value as small as 200 km s~ ! at the coronal base and attains a peak value of > 500 km s~! around
3 Rg. This radial profile of the fast mode speed may act as a filter because shocks with speeds less than
this peak fast mode speed may not propagate past this hump (see Mann et al., 1999; Gopalswamy et al.,
2001a). Furthermore, slow but accelerating CMEs with no metric radio burst signature can also produce IP
shocks at distances beyond the speed hump. Finally, the assumption of perpendicular propagation is not
consistent with all the CME-driven IP shocks. Recently, Berdichevsky et al. (2000) found that only a little
more than half of the IP shocks are quasi-perpendicular; the rest is oblique or quasi-parallel.

The poor correlation between metric type IT bursts and IP shocks does not support the numerical models
(STOA model and ISPM). The small fraction of metric type II bursts that did have IP association invariably
involved large-scale CMEs. Coupled with the fact that most of the IP shocks are associated with large-scale
CMEs (Sheeley et al., 1985) one can conclude that CME is the primary near-Sun activity that significantly
disturbs the solar wind in the vicinity of Earth (see also Gosling, 1993). Therefore, CME-based space
weather prediction methods are likely to be more realistic. It must be pointed out that this paper deals
only with the arrival of CMEs at 1 AU and it is straight forward to predict the arrival of IP shocks based
on the known relationship between a shock and its driving CME.



Figure 1: A near-perfect halo CME heading in the anti-Earthward direction shown in three SOHO/LASCO
C2 difference images. The CME can be seen appearing above the occulting disk in the first image at 07:31
UT. In the second image at 08:06 UT, the CME has completely surrounded the occulting disk (the circular
disk). SOHO/EIT difference images are superposed on SOHO/LASCO images. No changes can be seen on
the disk, except for a tiny change seen in the last image at 08:30 UT by which time the CME has moved
close to the edge of the LASCO field of view and hence unrelated. The CME was moving with a sky plane
speed of about 630 km s~!. The eruption must have occurred on the backside of the Sun.

HALO CMEs AND GEOEFFECTS

The term “halo CME” refers to a transient enhancement in the white light corona that appears to completely
surround the occulting disk of a coronagraph (Howard et al., 1982). Because of the unfavorable conditions
presented by halo CMEs to be detected by Thomson-scattered photospheric light (see Michels et al., 1997 for
a detailed discussion), many of the halo CMEs are not very obvious. White light observations cannot show
whether a halo CME is moving in the earthward or anti-Earthward direction. We need observations from
inner coronal imagers such as SOHO/EIT or Yohkoh/SXT to identify the source of the eruption. Ground-
based observations in Ha or microwaves can also tell us something about disk activities associated with
CMEs (Gopalswamy, 1999). An anti-Earthward halo CME would not have a disk signature. Fig. 1 shows
a spectacular halo event that occurred on June 29, 1999 which did not have a disk signature (“backside
event”). This event was recorded by the Large Angle and Spectrometric Coronagraph (LASCO) onboard
SOHO. The images are shown in running difference so the dark regions represent the location of the CME
in the previous frame. Fig. 2 shows the famous “Bastille day” event (July 14, 2000). This was a frontside
halo as evidenced from the EUV eruption near the disk center. These are two examples of a large number of
halo CME events routinely observed by the SOHO coronagraphs. These observations have put halo CMEs
in the spotlight and they are being explored as harbingers of geomagnetic storms.

Brueckner et al. (1998) examined the correlation between a set of eight halo CMEs and found that the
geomagnetic storms followed the halo CMEs after about 80 hours. As these authors pointed out, the arrival
time may not apply to fast events and to those occurring during the rising phase of the current solar cycle.
Watari and Watanabe (1999) selected 52 geomagnetic storms with Dst < =50 nT during the same period
as Brueckner et al. (1998) and identified the solar sources of these storms using Yohkoh soft X-ray data.
They found that about half of the geomagnetic storms were associated with interplanetary CMEs (ICMEs)
while the other half were associated with high speed streams. They also found that about 75 % of magnetic
clouds were associated with geomagnetic storms. Webb et al. (2000) considered a set of seven halo CMEs
and their terrestrial consequences and found that all of them were associated with magnetic clouds and
geomagnetic storms. Gopalswamy et al. (2000a) studied a larger sample — a set of 23 interplanetary ejecta
detected in situ by the Wind spacecraft — and identified the associated white-light events. They eliminated
limb and backside events using optical, X-ray and EUV images and established that most of the IP ejecta



Figure 2: An Earth-directed CME that occurred on July 14, 2000 (known as the ‘Bastille Day event’). EIT
images (at 10:00 and 10:24 UT) are superposed on the SOHO/LASCO C2 images (at 10:06 and 10:30 UT).
A bright eruption can be seen in the EIT image at 10:24 UT which is associated with the halo CME seen at
10:30 UT surrounding the occulting disk. The “snow storm” background in the right panel is due to SEPs
hitting the SOHO detectors.

were associated with solar eruptions that occurred near the disk center (average latitude of 17° and average
longitudinal distance of 27°). Recently, St Cyr et al. (2000) studied the annual and cumulative statistics for
Kp index in comparison with halo CME events observed by SOHO. They considered 21 geomagnetic storms
(Kp indices > 6) that occurred during a 25 month period (January 1996 to June 1998, similar to the period
of Gopalswamy et al., 2001a) and found that 15/21 (71 %) of the storms were associated with frontside halo
CME events. Thus, frontside halo CMEs account for a major fraction of geomagnetic storms and need to
be studied for prediction purposes. In the following, we discuss how we can predict the arrival of CMEs at
1 AU based on remote sensing of frontside halo CMEs.

AN EMPIRICAL CME ARRIVAL MODEL

Based on a set of IP ejecta detected in situ by Wind and the corresponding earthward CMEs detected
by SOHO, Gopalswamy et al. (2000a) developed an empirical model to predict the arrival of CMEs at
1 AU. The IP ejecta had speeds in the range 350 - 650 km s~' as measured in situ, compared with the
corresponding white light CMEs, which had speeds in the range 150 - 1050 km s~!. Gopalswamy et al.
(2000a) set out to quantify the striking observation that the ICME-speed distribution was much narrower
than the CME-speed distribution. They postulated that a CME undergoes an effective acceleration as it
propagates through the IP medium and arrives at 1 AU with a different speed, assuming that they were
observing the same CME at two different instances, without considering the internal structure of the CMEs.
Although the exact relation between CMEs and their interplanetary counter parts (ICMEs) are not fully
understood, one may expect that the spatial structure of a CME observed near the Sun is preserved as it
propagates through the IP medium to produce the temporal structure observed in situ. For example, the
ordering of substructures near the Sun (shock, frontal structure, cavity and prominence core) and at 1 AU
(shock, sheath, TP ejecta and pressure pulse) may be preserved at least in some cases (Gopalswamy et al.,
1998b).



Theoretically, one has to consider the resultant of the propelling and damping forces that act on the CME
in order to study the dynamics of the CME through the IP medium (see, e.g., Chen, 1997). Observationally,
we have only two measurements of the CME, one near the Sun performed remotely (using white light
coronagraphs, such as SOHO/LASCO) and the other locally (using in situ plasma and magnetic field
detectors, such as those onboard Wind). The effective acceleration is an average quantity, because CMEs
near the Sun may show acceleration, constant speeds or even deceleration (Gopalswamy et al., 2001c). The
onset time near the Sun for CMEs and the onset time for the ICMEs at 1 AU are known, so one can get the
transit time, 7, for the CMEs. The respective coronagraphic and in situ measurements give the final and
initial speeds of the CME at the two spatial points. The difference between the initial and final speeds, dv
= v — —u, when divided by 7 gives the effective acceleration (a = dv/7) for each of the CMEs.

It was found that the effective acceleration and the CME initial speeds were highly correlated (correlation
coefficient = 0.98). A straight-line fit to the data points yielded an empirical relation between the acceleration
(a) and initial speed (u) of the CME: @ = 1.41 - 0.0035 u (a and u are in units if (m s72) and km s},
respectively). This relation was then used in the kinematic relation, S = ut 4+ 1/2 a t?> (where S = Sun-
Earth distance (1 AU)) to predict the arrival time, t, of CMEs at 1 AU. The only input parameter in this
model is the initial CME speed and thus provides a simple means of advance warning of solar disturbances
arriving in the vicinity of Earth. Of course, we need the background information, such as disk signatures
to confirm that the halo CMEs are frontside events and their location to be close to the central meridian.
The all-important initial speed of the CME needs to be measured accurately to get a reliable arrival time
prediction.

An Earth-directed halo CME appears to spread in the sky plane and what we measure is this spreading
speed. This may or may not be the true speed of the CME. The CMEs are detected in the photospheric
light Thomson-scattered by coronal material. Material in the plane of the sky is best observed by this
process, so the measured speed of halo CMEs are subject to projection effects. Gopalswamy et al. (2000b)
found a definite correlation between the CME speeds and the central meridian distance, with the fastest
events coming from the limb. Therefore, as pointed out by Gopalswamy et al. (2000a), the empirical CME
arrival model has the problem of projection effects. In order to overcome this projection effect, one needs
to have stereoscopic observation, to be available in the future from the STEREO mission. However, there
were some archival observations free from projection effects, which we describe below (see also Gopalswamy
et al., 2001c for more details).

IMPROVING THE CME ARRIVAL MODEL

Sheeley et al. (1985) studied a large number of IP shocks detected in situ by the Helios-1 spacecraft and
were able to identify a corresponding white light CME near the Sun using the Solwind coronagraph on
board the P78-1 spacecraft (Doschek, 1983). A large fraction of these IP shocks were followed by pistons,
the IP manifestations of the white light CMEs. For all these events, P78-1 was located along the Sun-Earth
line while the Helios-1 spacecraft was located above east or west limb of the Sun. Thus two spacecraft
were observing the same event in quadrature so that the remote sensing and local sensing corresponded
to the same part (nose) of the CME. The effective acceleration derived from these observations is devoid
of projection effects. Although Helios-1 was not in the vicinity of Earth, it was possible to choose events
for which Helios-1 was at a distance more than 0.7 AU, similar to the Sun-Earth distance. Lindsay et al.
(1999) expanded the list of such events by including data from Pioneer Venus Orbiter (PVO) which was
in quadrature with either P78-1 or the Solar Maximum Mission (SMM). They found a weak correlation
between the ICME and CME speeds (v = 0.25u + 360 km s~ !). This was one of the earliest attempts to
link the near-Sun events to the corresponding ones in the IP medium. Gopalswamy et al (2001c) revised
the list of Lindsay et al. (1999) eliminating uncertain events and came up with a set of 19 CME-ICME
pairs observed by the Solwind coronagraph (remote sensing) and by PVO or Helios-1 (local sensing). When
the analysis was repeated as in the case of SOHO/Wind events, the empirical relation between the effective
acceleration (a) and initial speed (u) maintained the same functional form (¢ = 1.765 - 0.00429 u), thus
confirming the original method of Gopalswamy et al. (2000a).
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Figure 3: (a) Best-fit lines to the acceleration vs. initial speed plots for the SOHO/Wind (solid line) and
Helios1-PVO/P78-1 CMEs (dashed line, fit to the data points shown by diamonds). (b) Prediction curve
using accelerations derived from Helios1-PVO/P78-1 data. Note that a 200 km s~' CME would arrive in
4.5 days while a 1000 km s~! CME would take just over two days to arrive at 1 AU (see the dashed lines).
(c) Final speeds of CMEs predicted from initial speeds based on no acceleration (dotted line), Lindsay et
al. (1999 — dashed line) and Gopalswamy et al. (2001a — thick curve for S = 1 AU and thin curve for S =
0.7 AU).




The effective acceleration obtained from the SOHO/Wind and Helios1-PVO/P78-1 pairs is plotted in Fig.
3 (a) which shows that there is a significant deviation at low speeds. The solution of the kinematic equation
with the new acceleration yielded a prediction curve as shown in Fig. 3 (b), very similar to the original
curve in Gopalswamy et al. (2000a). The arrival time of low-initial speed SOHO CMEs is longer than what
is seen in this curve because SOHO/LASCO underestimates the speeds of the slow CMEs and hence the
model overestimates the arrival time (see Gopalswamy et al., 2000a). The prediction curve provides a simple
way to estimate the arrival time of CMEs at 1 AU, once the initial speed of the Earth-directed CME is
known from coronagraphic observations. Typical travel times for slow (300 km s~!) and fast (1000 km s~1)
CMEs are shown by dashed lines as 4.4 and 2.3 days, respectively. If the IP medium had no influence,
the corresponding travel times would be 5.7 and 1.7 days. The archival data and the SOHO/Wind data
correspond to different phases of the solar cycle, yet the results are quite consistent. The archival data had
events anywhere between 0.7 and 1 AU and the corresponding uncertainty introduced in the acceleration
was ignored.

Since the ram pressure change in the solar wind impinging on the magnetosphere is important in deter-
mining the extent of geomagnetic disturbances, it is instructive to predict the final speed (v) of CMEs based
on their initial speed (u). This was first attempted by Lindsay et al. (1999), who arrived at an empirical
relation, v = 0.25 v +360 km s~! as a straight line fit to the scatter plot of CME and ICME speeds. The
final speed based can also be obtained using the acceleration model in the kinematic relation, v? = u? + 2.a
S as shown in Fig. 3 (c) along with the straight line obtained by Lindsay et al. (1999). The thin and thick
parabolic curves correspond to final speeds at S = 0.7 and S = 1 AU, respectively. Although the linear
and parabolic curves deviate from each other at low and high speeds, both are clearly far different from the
zero-acceleration case (dotted curve).

FUTURE PROSPECTS

The simple empirical model discussed above should be improved in a number of ways. The following effects
need to be considered:

1) When we compared the CME speeds near the Sun and at 1 AU, we did not explicitly consider the
speed of the background solar wind. If we assume that the drag acting on the CMEs is similar to the
aerodynamic drag (Cargill et al., 1995), it would depend on the ambient density and flow speed. In the
equatorial plane, the solar wind does not pick up for several solar radii, and the ambient density is high,
resulting in a large drag force. Thus one would expect a significant drag initially. In those regions where
the solar wind speed has attained a steady value, the drag would be less for a given CME speed. If a CME
is launched into a region of high solar wind speed, then the drag is expected to be smaller and the CME
would arrive earlier at 1 AU.

2) A similar situation arises when CMEs are launched in quick succession from the same source region.
The resulting drag would depend on the speed and density of the post-CME flow of the preceding CME.

3) CMEs can interact and get deflected from the Sun-Earth line or can merge with one another (CME
cannibalism — Gopalswamy et al., 2001b). The CME cannibalism is more important for solar maximum
conditions because of the enhanced CME occurrence rate. The net result is that the remote sensing and
local sensing would yield different counts for CMEs. One has to give careful consideration to effects like
these so that false alarms can be minimized.

4) Tt is necessary to understand the acceleration profiles of CMEs near the Sun. There are examples
of acceleration, deceleration as well as constant speed near the Sun. Current remote sensing provides data
out to 30 Ry from the Sun while local sensing is done close to 1 AU. When data points become available
for other distances, we will be able to obtain a better profile for the acceleration. The acceleration profile
should also consider the possibility that the IP acceleration is not constant throughout the IP medium. For
example an accelerating slow CME might stop accelerating when it attains the speed of the background
solar wind. The interplanetary scintillation (IPS) technique can be used to extend the height-time history
of CMEs over ~ 1 AU using multiple radio sources, although it is not clear as to what part of the CME (or
the CME-driven shock) is sensed by this technique.



5) Since almost all the interplanetary transient shocks are driven by CMEs, we can extend the CME
arrival time to predict the arrival of IP shocks. This can be done based on the fact that there is a definite
relation between the stand-off distance of the shock and the properties of the CME piston. Such a shock
prediction scheme will also be useful for a better comparison with other shock arrival models.

SUMMARY

Attempts to predict the influence of large-scale Earth directed CMEs are in the beginning stages, but seem
to be headed in the right direction. The most important parameter for this purpose is the initial CME
speed. However, this is the most difficult parameter to measure for halo CMEs because of the nature of
coronagraphic observations. Using a spacecraft located on the Sun-Earth line (to identify disk events) and
another one at right angles to the Sun-Earth line (to measure the nose-speed of CMEs) seems to be the
simplest way to measure the CME initial speed accurately. If ground based observations are able to identify
the disk signatures, one spacecraft at right angles to the Sun-Earth line should be able to do the job. As for
the effective acceleration, a two-point measurement is clearly inadequate. Measurements at several points
between Sun and Earth are required to arrive at a realistic acceleration profile of CMEs. Ground based
IPS observations may be used to provide a rough estimate if CMEs and radio sources are chosen carefully.
A better understanding of how various substructures of the CME observed near the Sun evolve into the
substructures of ICME would also help to obtain better acceleration profiles. Shock arrival times can be
derived from the CME arrival times based on statistical results or theoretical considerations. The earlier
models such as STOA and ISPM can also be modified by replacing the metric type II burst aspects with
CME data and by moving the computational boundary closer to the Sun.
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