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Abstract. Knowledge of the radial evolution of the coronal mass ejection (CME) is important for the

understanding of its arrival at the near-Earth space and of its interaction with the disturbed/ambient

solar wind in the course of its travel to 1 AU and further. In this paper, the radial evolution of 30

large CMEs (angular width >150◦, i.e., halo and partial halo CMEs) has been investigated between

the Sun and the Earth using (i) the white-light images of the near-Sun region from the Large Angle
Spectroscopic Coronagraph (LASCO) onboard SOHO mission and (ii) the interplanetary scintillation
(IPS) images of the inner heliosphere obtained from the Ooty Radio Telescope (ORT). In the LASCO

field of view at heliocentric distances R ≤ 30 solar radii (R�), these CMEs cover an order of magnitude

range of initial speeds, VCME ≈ 260–2600 km s−1. Following results have been obtained from the

speed evolution of these CMEs in the Sun–Earth distance range: (1) the speed profile of the CME

shows dependence on its initial speed; (2) the propagation of the CME goes through continuous

changes, which depend on the interaction of the CME with the surrounding solar wind encountered

on the way; (3) the radial-speed profiles obtained by combining the LASCO and IPS images yield

the factual view of the propagation of CMEs in the inner heliosphere and transit times and speeds at

1 AU computed from these profiles are in good agreement with the actual measurements; (4) the mean

travel time curve for different initial speeds and the shape of the radial-speed profiles suggest that up

to a distance of ∼80 R�, the internal energy of the CME (or the expansion of the CME) dominates

and however, at larger distances, the CME’s interaction with the solar wind controls the propagation;

(5) most of the CMEs tend to attain the speed of the ambient flow at 1 AU or further out of the

Earth’s orbit. The results of this study are useful to quantify the drag force imposed on a CME by the

interaction with the ambient solar wind and it is essential in modeling the CME propagation. This

study also has a great importance in understanding the prediction of CME-associated space weather

at the near-Earth environment.

1. Introduction

Coronal mass ejections (CMEs) are the most energetic and the largest phenomena
associated with the eruption of plasma and magnetic field from the Sun. The Earth-
directed CMEs are the major cause for the severe geo-magnetic storms (e.g., Gosling
et al., 1991). Primary factors determining the geoeffectiveness are the direction of
propagation of the CME, its speed, size, density, and orientation and strength of the
magnetic field at the near-Earth space. Before the advent of the regular white-light
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imagery of CMEs by the SOHO spacecraft, numerous early studies attempted
(1) to understand the dynamics of the large-scale structure of CME-associated
disturbances in the Sun–Earth space, and (2) to find the relationship between the
speed and transit time of such disturbances (see reviews by Dryer, 1974, 1994;
Gary et al., 1984; Gosling, 1990; Hildner, 1977; MacQueen, 1980; Stewart, 1980).
For example, several workers combined the near-Sun coronal shock measurements,
mainly from the metric type II radio bursts, with observations from other techniques
such as (i) Doppler scintillation measurements, (ii) the detection of interplanetary
shock by one or more space missions, (iii) cosmic ray measurements (i.e., ‘Forbush
decrease’), (iv) cometary fading, and (v) shock sudden commencements (SSCs) at
the Earth (e.g., Woo et al., 1985; Lyubimov, 1968; Pinter, 1973; Dryer et al., 1974)
and derived the radial evolution of speed for a number of disturbances represented by
the power-law form, V ∼ R−α. The interplanetary scintillation (IPS) measurements
at 102 MHz also provided the similar power-law profiles for the deceleration of the
shocks and the index, α, varied from one event to the other in the range, 0.25 <

α < 1 (Vlasov, 1992). However, in these studies, in general, the initial speed of the
CME was estimated from the linear extrapolation with the coronal shock speed as
computed from the drift rate of metric type II radio bursts.

The early work which addressed the large-scale structure of the propagating
transients was based on IPS measurements of a large number of radio sources from
the Cambridge IPS array operating at 81.5 MHz (e.g., Hewish, Tappin, and Gapper,
1985; Purvis et al., 1987). At this observing frequency, the detection of excessive
scintillation generated by the solar wind transient is more pronounced at heliocentric
distances, R > 0.7 AU because at about 0.5–0.6 AU the weak to strong scintillation
transition occurs (1 AU = 1.496 × 108 km; 1 solar radius, R� = 6.96 × 105 km;
1 AU = 214.94 R�). At distances within the transition region, the scintillation be-
comes saturated (Gapper et al., 1982; Manoharan, 1993; also refer to Section 3 and
discussions on Figure 2). The Cambridge IPS imaging has detected a large number
of disturbances associated with co-rotating interaction regions, which are caused
by the high-speed solar wind originating above the coronal hole regions on the
Sun (e.g., Hewish, Tappin, and Gapper, 1985). Tappin et al. (1988) and Odstrcil
(2003) compared the observed scintillation images with the pattern obtained from
the three-dimensional magnetohydrodynamic (MHD) simulated models and also
demonstrated the effect of line of sight integration on the IPS sky-plane images for
both halo and partial halo CMEs. However, in the recent years, IPS measurements
at high observing frequency (similar to the measurements report in this paper, at
327 MHz, and sensitive to the detection of CME-associated disturbances at dis-
tances outside 50 R�) on a large number of radio sources and Doppler scintillation
data have provided CMEs’ size, speed, turbulence level, and mass and their evolu-
tions at range of distances from the Sun (e.g., Manoharan et al., 1995, 2000, 2001;
Janardhan et al., 1996; Tokumaru et al., 2003; Woo et al., 1995).

A large number of multi-dimensional, time-dependent MHD models have also
been simulated to understand the interplanetary evolution of disturbances generated



CME PROPAGATION FROM SUN TO EARTH 347

by solar events (Han, Wu, and Dryer, 1988; for a review and some results, refer to
Dryer, 1994). In these models, the crucial parameters were (i) coronal shock speed,
which was extrapolated from the drift rate of metric type II radio bursts, and (ii) pis-
ton driving duration (e.g., the duration of the X-ray flare was taken as a proxy for the
piston duration). Moreover, these models did not consider the evolution of distur-
bance at distances between the Sun and 18 R�. These models have been extensively
used to understand the predictive capabilities of interplanetary disturbances in the
Sun–Earth connection and the speed–deceleration profiles, i.e., power-law form,
revealed by them were nicely matching with the experimental results (see Smith
and Dryer, 1990). Another important point is that the earlier experimental (see
review by Anzer, 1980) as well as the numerical simulation studies (e.g., Smith
and Dryer, 1990; Odstrcil, 2003) emphasized the importance of considering the
background solar wind in the study of evolution of interplanetary disturbances in
the distance between the Sun and Earth. For example, based on the aforementioned
numerical code (Han, Wu, and Dryer, 1988), some of the simulated MHD models
made have been extremely useful to understand the interactions among magnetic
cloud, background solar wind, and propagating shock and results indicated the
compression and deflection of magnetic cloud against the radial direction of the
solar wind (e.g., Cargill et al., 1996; Vandas et al., 1996). Therefore, the interac-
tion of the CME with the background solar wind is likely to play a crucial role in
determining the impact of the CME (i.e., the intensity of the storm) at the Earth’s
magnetosphere.

In the aforementioned simulated models and some of the experimental studies,
the main disadvantage was the assumption of initial conditions of the CME extrapo-
lated from the proxy metric type II radio bursts. Because type II bursts occur in solar
events, examples flares and CMEs, they often do not generate interplanetary type
II bursts or shocks (Cane and Reames, 1988; Gopalswamy et al., 1998). Further,
CMEs have been observed with/without coronal shocks. However, there seems to
be an excellent association of interplanetary shocks with fast CMEs (Sheeley et al.,
1985; Cane, Sheeley, and Howard, 1987; Gopalswamy et al., 2005). Moreover,
long-lived solar energetic particle events are also well associated with fast CMEs
indicating particle acceleration by the shocks driven by CMEs (e.g., Reames, 1996).
Therefore, a better understanding of associations (as well as correlations) is essen-
tial among the following near-Sun and the interplanetary manifestations: coronal
shock, X-ray duration, initial speed and size of the CME, extension of the shock into
the interplanetary space, and arrival times, speeds, and magnetic field intensities of
shock and interplanetary CME at the Earth’s orbit or elsewhere. This paper focuses
on the study of evolution of speed profiles of a set of fast, wide CMEs by detecting
their onset times at increasing heliocentric distances with the help of white-light
and IPS images.

In the recent years, several authors have investigated the CME speeds at the near-
Sun region, mainly from the space-borne white-light images and their implications
at about 1 AU (e.g., Lindsay et al., 1999; Gopalswamy et al., 2000; Webb et al.,
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2000; Srivastava and Venkatakrishnan, 2002; Cane and Richardson, 2003; Vilmer
et al., 2003; Zhang et al., 2003; Manoharan et al., 2004). In particular, the effective
acceleration of the CME derived from the speeds near the Sun and at 1 AU has been
employed to predict the travel time of the CME to 1 AU (e.g., Gopalswamy et al.,
2001; Sun et al., 2003; Manoharan et al., 2004). However, as discussed previously,
since the solar wind is made up of steady and turbulent flows, discontinuities,
and shocks and also CME tends to locally adopt to the ambient solar wind (e.g.,
Gosling and Riley, 1996; Gopalswamy et al., 2000), these are likely to contribute a
significant change on the propagation of the CME. The recent study by Manoharan
et al. (2004) has also emphasized the importance of the interaction between the
CME and the ambient solar wind as well as the CME–CME interaction during the
propagation of the CME.

In order to explain the evolution of a CME, the essential requirement therefore is
the completeness of observations at several points on the Sun–Earth (or 1-AU) path.
In this paper, the near-Sun images from the Large Angle Spectroscopic Corona-
graph (LASCO) onboard SOHO mission (Brueckner et al., 1995) and the inner he-
liosphere images provided by the IPS measurements from the Ooty Radio Telescope
(ORT) at 327 MHz (Manoharan et al., 2000, 2001) are employed to study the realis-
tic evolution of the CME that occurs in the solar wind. The LASCO measurements
and other available supportive data have been cataloged by Yashiro and his cowork-
ers (refer to Yashiro et al., 2004; also visit to http://cdaw.gsfc.nasa.gov/CME list).
At the ORT (for description of the telescope system refer to Swarup et al., 1971;
Selvanayagam et al., 1993), the regular monitoring of IPS on a grid of large number
of compact radio sources (∼700 galaxies/quasars per day) provides the images of
CMEs as well as the ambient solar wind plasma and reliable estimates of their
speeds and associated levels of density turbulence at all heliographic latitudes and
at a range of distances from the Sun to 1 AU.

This study reports the analysis of the radial evolution of 30 large CMEs, of
which 23 events are full halo CMEs and the remaining are partial halos. Since the
angular widths of these partial-halo CMEs are also large (>150◦), when viewed
radially along the direction of propagation, they would also appear as halo CMEs.
In other words, particularly the direction of propagation of the CME away from the
Sun–Earth-directed line and the projection of the white-light image on the plane
of sky give a partial halo view. These partial halos, in other physical aspects like
mass, energy, and speed, should be similar to typical full halos. Events for the
present study have been selected based on the following criteria: (1) the availability
of both white-light measurements and IPS data to cover the Sun to 1 AU distance;
and (2) for each event, the detection of its corresponding interplanetary shock (IP
shock) and/or interplanetary CME (ICME, i.e., ejecta, EJ, and/or magnetic cloud,
MC) near the Earth’s orbit. The next section describes the near-Sun images of CME
obtained from LASCO, the method of estimation of the initial speed, and the arrival
of CME at 1 AU. The IPS images of CME are described in Section 3. The analysis
of ‘speed-distance’ profile, transit time and speed of CME at the Earth’s orbit, and
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internal energy of CME are discussed in Section 4. The results are summarized in
Section 5.

2. LASCO Images and CME Initial Speed

The field of view of LASCO coronagraphs extends up to a heliocentric radius
of R ≈ 30 R� and the white-light images of this field of view are recorded at
regular time interval. The ‘height-time’ plot of a CME is drawn by identifying the
leading edge of the CME on the sequence of white-light images. Figure 1 shows
the examples of LASCO white-light images in the sky plane and the ‘height–time’
plot of a halo CME observed in association with an X5.7 flare on July 14, 2000.

A straight-line fit to the ‘height–time’ data yields the linear speed and the second-
order fit provides the radial-speed profile, VCME(R), and an effective acceleration of
the CME. In the LASCO field of view, events under consideration fall in one of these
categories of speed profiles, VCME(R): (1) steadily moving CMEs (i.e., constant
speed events), (2) accelerating CMEs, and (3) decelerating cases. However, in the
present study, the linear speed derived from the height–time plot is considered as

Figure 1. Examples of white-light images of the halo CME observed on July 14, 2000, in association

with X5.7 solar flare. These images are from LASCO/SOHO C2 and C3 coronagraphs, which cover

radial distances 6 R� and 32 R�, respectively. In each image, the inner circle represents the solar

disk. The ‘height–time’ plot (bottom panel) has been derived by measuring the leading edge of the

white-light images in the plane of sky.
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the initial speed of the CME, VCME. Speeds of these 30 events cover a wide range
of ∼260–2600 km s−1. The average initial speed, 〈VCME〉 = 1091 km s−1, indicates
that most of the CMEs are high-speed events.

2.1. INTERACTING EVENTS

For each CME, the location of the associated flare and/or filament activities on the
Sun has been identified with the help of EIT and LASCO images and the flare list
provided by the NOAA (available at ftp://ftp.ngdc.noaa.gov). Most of the events,
21 out of 30 CMEs, originated close to the center of the disk, i.e., within 35◦ of
longitude and latitude from the center of the photosphere. Since the phenomenon
of interaction between CMEs in the interplanetary medium may cause change in
the trajectory of the CME and/or lead to the merger (e.g., Gopalswamy et al.,
2002; Manoharan et al., 2004), in the present study, the interacting cases have also
been identified by considering (1) nearly same originating locations on the Sun,
and (2) the difference between the starting times of CMEs within a day. The EIT
and LASCO images have been examined to identify the interaction of CME(s).
In addition, the list of CMEs analyzed by Gopalswamy et al. (2001, 2002) and
Manoharan et al. (2004) have been also used to identify the interacting cases.

2.2. CME ARRIVAL AT 1 AU

The arrival of IP shock associated with each CME at 1 AU has been determined by
the careful examination of interplanetary magnetic field data and solar wind plasma
density, speed, and temperature measurements obtained from the Wind spacecraft
(MFI and SWE instruments) or ACE spacecraft (MAG and SWEPAM instruments).
The onset of the interplanetary CME (i.e., ejecta, EJ, and/or magnetic cloud, MC)
at 1 AU followed after the IP shock has also been identified with the data sets
mentioned previously by identifying one or more of the following characteristics:
(1) strong magnetic field, (2) smooth rotation of direction of the magnetic field, (3)
low proton temperature, (4) high charge state, and (5) counter-streaming electrons
(e.g., Lepping et al., 1997; Neugebauer and Goldstein, 1997). However, the presence
of these signatures singly or together and their magnitudes varied from one CME
to the other and a few cases are likely to have uncertainties of about an hour or so
in arrival times.

In Table I, observations and results of 30 CMEs under study are given in the
following order: LASCO CME date, time, initial speed, CME type (halo, H, or par-
tial halo, PH), associated flare/filament eruption location and class, interplanetary
shock arrival date and time at 1 AU, EJ/MC arrival date, time, speed at 1 AU, and
observed CME travel time to 1 AU. The last three columns of the table show the
parameters estimated with the help of IPS measurements at distances R > 50 R�
as described in the following section.
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3. Interplanetary Scintillation

The IPS observations reported in this study have been obtained from the ORT, oper-
ated by Radio Astronomy Centre, Tata Institute of Fundamental Research, India, at
327 MHz. Manoharan (2003, and references therein) has given a detail discussion
on the IPS theory and Ooty observational and analysis procedures. In brief, the
phenomenon of IP scintillation arises when radio waves from a distant compact
source pass through the plasma density irregularities of the solar wind producing a
random diffraction pattern on the ground and the motion of these irregularities at the
speed of the solar wind converts this pattern into temporal intensity scintillations.
The degree of scintillation is characterized by the scintillation index,

m = rms of intensity fluctuations

mean source intensity
,

which increases with decreasing distance (R) between the Sun and the line-of-
sight to the radio source, until it reaches a maximum at R ≈ 40 R�. In the weak-
scintillation region (i.e., at R ≥ 40 R�), the intensity scintillation is linearly related
to the electron-density fluctuations (Manoharan, 1993). The decline in scintillation
at distances away from the transition point is caused by the fall of density (as well
as density fluctuations turbulence) approximately as a function of inverse square of
heliocentric distance. However, in the strong-scintillation region (R < 40 R�), the
relationship between the scintillation and the density fluctuations is not straightfor-
ward and as the radio source approaches the Sun, the scintillation index decreases
steeply, which is due to the smearing caused by the angular size of the radio source
(Manoharan et al., 1995).

Figure 2 shows the plot of scintillation index (m) observed over the years 1986–
2004 as a function of heliocentric distance (R) for the well-known radio quasar

Figure 2. Scintillation indexes of the radio quasar 3C279 observed at 327 MHz, at different helio-

centric distances. The plot has been made using measurements taken during the period 1986–2004.

The average expected scintillation index is shown by the best fit solid line.
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1253-055 (3C279), which has an angular diameter, � ≈ 40 marcsec. As discussed
previously, the scintillation peaks around the heliocentric distance where the transi-
tion of weak to strong scattering occurs (i.e., around 40 R�). Manoharan (1993) has
shown that the transition region can move toward or away from the Sun depending on
the changes in the level of turbulence of large-scale density irregularities. At a given
distance from the Sun, a large deviation above (or below) the mean curve seen in the
scintillation indicates the high level of turbulence due to transients (or depletion of
turbulence) in the solar wind. Furthermore, since the scintillation plot of the radio
quasar 3C279 has been made using observations taken over several years, this plot
would therefore include any systematic variations caused by the solar cycle changes.

3.1. NORMALIZED SCINTILLATION INDEX

The normalized scintillation index, generally denoted by g, is the ratio of the ob-
served scintillation index of a radio source at a given distance from the Sun and its
long-term baseline value of the scintillation index at the same distance, as given by,

g = observed scintillation (m(R))

average expected scintillation (〈m(R)〉) .

In Figure 2, the average expected scintillation index, i.e., the long-term baseline
value, is shown by the best fit solid line. The normalized index, g, (and hence the
rms of density fluctuations, δN ; refer to equation of scintillation index, m) cor-
relates strongly with the solar wind density (N) with a relationship g = √

(N/9)
(Tappin, 1986; Rickett and Coles, 1991; Manoharan, 1993) and it can be used to
assess the density-turbulence condition of the solar wind. For example, the value
of g close to unity indicates the undisturbed condition of the solar wind, whereas
g > 1 corresponds to the enhanced level of plasma density turbulence, and, g < 1
indicates the reduction of density in the solar wind. In the case of a moving CME,
IPS measurements can easily detect the excess of turbulence produced by the com-
pression of solar wind between the shock and the driving cloud, i.e., the CME (e.g.,
Manoharan, 1995; Manoharan et al., 1995, 2000; Janardhan et al., 1996; Tokumaru
et al., 2003).

3.2. INTERPLANETARY SCINTILLATION IMAGES

At 327 MHz (λ = 0.92 m), the regular monitoring of IPS on a given radio
source using a single-antenna system of good sensitivity, such as the ORT,
can provide the speed and density turbulence of the solar wind at heliocen-
tric distances R ≈ 20–225 R� in the three-dimensional heliosphere (Manoharan
and Ananthakrishnan, 1990; Tokumaru et al., 1991; Manoharan et al., 1995).
Additionally, the importance of the IPS technique increases when the day-to-day
monitoring of the heliosphere is made on a grid of large number of radio sources,
whose lines of sight cut across different parts of the heliosphere. Although IPS
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Figure 3. Two-dimensional images of density turbulence (top panel) and speed (middle panel) of the

solar wind plasma for the Carrington Rotation 2027. In the bottom panel, for comparison, the solar

source surface magnetic field observed at Wilcox Solar Observatory is also shown.

measurements are integrated along the path of the radio signal, the image process-
ing of the normalized scintillation indexes (g-values) and the estimated speeds for
the grid of sources provides the three-dimensional view of the ambient solar wind
as well as the turbulent regions associated with the propagating disturbances in the
IPS field of view. A tomographic analysis of the previous measurements will reveal
the sharp boundary between the transient and background solar wind (e.g., Kojima
et al., 1998). At Ooty, till the year 2002, the daily monitoring of the scintillation was
made on about 300–400 radio sources and in the recent years, it has been increased
to about 700 or more sources per day.

Figure 3 shows some samples of results obtained from the Ooty IPS measure-
ments, namely, two-dimensional images of the solar wind density turbulence (top
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panel) and speed (middle panel) traced backward/forward from the measurement
point onto the heliosphere of radius ∼100 R�. These images correspond to Car-
rington Rotation (CR) 2027. In the bottom panel of Figure 3, the computed synoptic
map of the source surface magnetic field at 2.5 R� for the same rotation from the
Wilcox Solar Observatory is shown. The comparison of images of density tur-
bulence, speed, and source surface field reveals the correlation between the large
structures of the solar wind parameters. However, a careful examination on finer
scale would provide information on the source and acceleration of the solar wind
(e.g., Manoharan, Kojima, and Misawa, 1994).

4. Results and Discussion

4.1. ‘SPEED–DISTANCE’ PROFILES

An image produced from the IPS measurements made in an interval of time in a
given day provides the status of the solar wind during that time in the observed field
of view. Such snapshot images of the interplanetary medium made successively in
time are equivalent to the white-light images and they are extremely useful to follow
the three-dimensional evolution of the ambient solar wind and the transient plasma
at large distances from the Sun, 50–250 R�. Figure 4 shows scintillation images
obtained from the Ooty measurements for (1) a full halo CME on July 14, 2000
(corresponding LASCO white-light images of this event are shown in Figure 1) at
two time intervals, and (2) a partial halo CME on 2 April 2001 on four consecutive
time intervals. These images indicate the presence of interplanetary CMEs and
shocks as the CMEs propagated outward from the LASCO field of view.

In these ‘PA–heliocentric distance’ images, the north is at the top and east is to
the left. The concentric circles are of radii, 50, 100, 150, 200 R�. The red color
code indicates the background (ambient) solar wind. In these images observing time
increases from right (west of the Sun) to left (east of the Sun). For the Earth-directed
halo CME on July 14, 2000, an east–west symmetry is expected on the scintillation
images. But, the east–west positional shift with respect to the Sun, seen in the large
enhanced scintillation region in the top-left image, is due to the time difference
between the west and east measurements (i.e., the CME is expanding with time).
On 15 and 16 July IPS images, one may also notice the onset and propagation of
another partial halo CME moving to the east, respectively, at ∼75 and ∼150 R�.
Thus, Ooty IPS measurements are highly sensitive to even less intense events (see
Manoharan et al., 2001). On the images corresponding to the partial halo on April
2, 2001, the CME onset in the IPS field of view is seen in the first images (see image
on the left of the second row, 2 April, 21 UT to 3 April, 7 UT) at ∼50 R� along the
south-west direction. The CME propagation can be observed in other later images.

In the same figure (bottom row), images obtained from IPS simulations for the
idealistic halo and partial halo CMEs are also plotted for comparison at the bottom.
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Figure 4. Ooty scintillation images of halo and partial halo CMEs observed on 14 July 2000 (2 images

at the top row) and 2 April 2001 (4 images in the middle), respectively. The 2-April CME moving in

the south-west direction is clearly seen on the IPS images. The enhancements associated with these

CMEs are at different heliocentric distances (between ∼50 and 225 R�). The concentric circles are at

radii 50, 100, 150, and 200 R�. Simulated scintillation images of halo and partial halo (moving to the

west) CMEs are shown for comparison at the bottom row. Since the IPS is sensitive to the solar wind

flow perpendicular to the line of sight, on a grid of radio sources, the excessive scintillation caused

by a halo CME would, in principle, appear as a ring-shaped pattern centered around the Sun.
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The three-dimensional MHD simulations have also produced similar results (Tappin
et al., 1988). On the observed IPS snapshot images, the CME onset time and distance
are determined and the height–time plot is prepared as discussed later.

The speed profile of each CME between the Sun and 1 AU is determined by
fitting a second-order polynomial to the height–time plot obtained by combining
LASCO and IPS measurements. But, since the height–time measurements are
made in the sky plane, the speed derived from such a plot represents the lower limit
due to the projection effect, which is maximum for a disk-centered halo event and
it decreases as the location of the CME approaches the solar limb. However, the
present analysis of speeds of partial halo CMEs originating close to the solar limb
has shown that the rate of expansion of the CME in the lateral direction is nearly
same as its speed along the radial propagation path. This is consistent with the near-
Sun region results (e.g., Dal Lago, Schwenn, and Gonzalez, 2003). Furthermore,
a sufficiently large partial halo CME would appear as a full halo when viewed
along its propagation path. Therefore, in the present study, the estimated speed of
a halo CME in the sky plane is considered as the propagation speed of the CME
without taking projection effects into account. Figure 5 shows typical examples of
speed–distance profiles derived by combining the LASCO and IPS data points for
(1) an accelerating CME between Sun and Earth, (2) a constant speed event, and,
(3) some decelerating cases. The data points at R ≤ 30 R� and R ≥ 80 R� are from
LASCO and IPS measurements, respectively. The radial profiles of most of the
CMEs show that they tend to attain the speed of the ambient flow at 1 AU or larger
distances.

4.2. INITIAL SPEED AND SPEED PROFILE, VCME(R)

It is evident from the speed–distance profiles that at heliocentric distance ranges, (1)
Sun to 50 R� and (2) in the range 100–200 R�, the radial dependence of the speed of
the CME, VCME(R), can be represented by power-law forms, VCME(R) ∼ R−β and
VCME(R) ∼ R−α, respectively (refer to Figure 5). The transition from the flat portion
to the steeper part occurs at about 60–80 R�. The values of α and β derived for all
the events respectively vary in the range, −0.76 ≤ α ≤ 0.58 and −0.3 ≤ β ≤ 0.06.
The radial slope, index α, is listed in Table I.

At the large-distance part, at R ≥ 80 R�, the crucial data points have been
provided by the IPS measurements. In this region, when a net effective acceleration
is observed, the radial dependence of the speed of the CME is steeper than that
of LASCO field of view. However, a couple of CMEs have been observed with
constant speed for the entire Sun–Earth distance and for these cases, the power-law
indexes, α and β, lie close to the null value. The index β does not show a significant
dependence on the initial speed of the CME. While on the contrary, the index α

shows a systematic change with the CME speed and it provides the state of effective
acceleration experienced by the CME before reaching the Earth’s orbit.
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Figure 5. Representative speed–distance, V (R), profiles plotted on log–log scale. Average initial

speed of the CME increases from bottom (∼300 km s−1) to top (∼2500 km s−1). The date and the

start time of each CME are shown. These profiles converge toward the ambient solar wind speed at the

Earth’s orbit. The data points at R ≤ 30 R� and R ≥ 80 R� are from LASCO and IPS measurements,

respectively. The straight-line fit to the data points at R ≥ 100 R� gives the slope, α, according to

V ∼ R−α (refer to Section 4.2). The vertical line indicates the Earth’s orbit (R ≈ 215 R�).

Figure 6 shows the index α plotted as a function of the initial speed of the CME.
The horizontal dashed line at α = 0 indicates a null acceleration line at distances
R ≥ 100 R�. A number of events are believed to include complex situation wherein
the CME interacts with a preceding one and these events are boxed with the square
symbol in Figure 6 and in later figures. The events originating at longitude or
latitude greater than 35◦ are enclosed in circles. The data points lying above the
null-acceleration line (i.e., α < 0) go through a moderate to severe deceleration. It
is important to note that 26 out of 30 events have shown deceleration in the IPS
distance range. The steepening of the speed profile increases with the initial speed
of the CME. The solid curve is the second-order least-square fit to the data points
and it relates the index α with the initial speed, VCME, at R ≥ 100 R�, as given by,

α = 0.2–6.4 × 10−4VCME + 1.1 × 10−7V 2
CME. (1)
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Figure 6. Slope, α, of speed–distance profile (VCME(R)) (at distances R ≥ 100 R�) plotted as a

function of initial speed of the CME, VCME. The data points enclosed with square symbols represent

CMEs that interact with preceding CME(s) and CMEs originating at longitude/latitude >35◦ are

enclosed in circles. The radial profile becomes steeper with the initial speed of the CME. The best-fit

curve is shown by a solid line. The dashed line indicates the ‘zero’ acceleration line. The arrow
indicates the threshold speed, ∼380 km s−1, which determines the effective acceleration effected on

the moving CME by the solar wind interaction. The data points showing large deviation from the

best-fit mean curve are due to the interaction between CMEs and/or with the ambient solar wind. The

inset shows the correlation plot between α × V 2
CME and (VCME–VAMB)2, where VAMB is the speed of

the ambient solar wind. This plot reveals the crucial part played by the interaction of the CME with

the background solar wind.

In Figure 6, the data points showing large deviation from the mean curve
(Equation (1)) have mainly been affected by interactions with CME(s) and/or with
the background solar wind (i.e., events having large effective acceleration due to
the background solar wind). It is in good agreement with the results on influence
of interactions obtained by Manoharan et al. (2004).

4.3. THRESHOLD INITIAL SPEED AND SOLAR WIND INTERACTION

In Figure 6, the best-fit curve cuts the ‘zero’ acceleration line at about 380 km s−1,
which is nearly same as the speed of the ambient flow and it is the threshold speed,
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which decides an event’s acceleration or deceleration. In addition, the fitted curve
shows the average propagation characteristics of CMEs, under the undisturbed con-
dition of the solar wind, for a range of initial speeds. However, the large deviations
from the mean curve to the ‘upward’ or ‘downward’ directions are likely due to
the ‘deceleration’ (i.e., hindrance to propagation) or ‘acceleration’ (i.e., assistance
to propagation), respectively, caused by the CME–CME interaction and the back-
ground solar wind. The speed profiles (refer to Figure 5) converging to the speed
of the ambient flow at the Earth’s orbit confirm the effectiveness of the drag force
imposed on the CME by the interaction with the ambient wind.

In Figure 6, only four events show acceleration in the IPS distance range (i.e.,α >

0). In particular, a CME event with a high initial speed (VCME = 1333 km s−1, refer
to number 30 in Table I) shows the acceleration, although marginal (i.e., α = 0.06),
in the IPS field of view. This event was clearly associated with a solar active region,
which produced multiple CMEs. Therefore, it is likely that the interactions between
CMEs and solar wind have modified and resulted in a disturbed interplanetary
medium, which tends to aid the propagation of the CME. Other three events (refer
to Table I, numbers 1, 9, and 21) started with speeds of 262, 271, and 509 km s−1,
respectively. Since the speeds of two events (numbers 1 and 9) were lower than
the typical background solar wind speed of ∼380 km s−1 (refer to Figure 6), they
naturally would have been carried and accelerated by the solar wind flow. The
third one (number 21), although with a linear speed of 509 km s−1, went through a
considerable acceleration in the LASCO field of view and attained a high speed of
∼1600 km s−1 at R ≈ 28 R�. This event arrived at 1 AU in ∼58 h with a speed of
∼700 km s−1. These results suggest that the event has gone through a considerable
acceleration, aided by the energy gained at the time of CME onset and stored within
the CME.

The findings mentioned previously confirm that the major force acting on a
moving CME is caused by the interaction of the CME with the structures of the
solar wind and results are in good agreement with the earlier studies (e.g., Lindsay
et al., 1999; Gopalswamy et al., 2000; Manoharan et al., 2004). It is however
essential to quantify the interacting force. In the fluid dynamics, the interaction
(or ‘drag force’) between a moving cloud and the gaseous medium is governed by
the square of the relative speed between them. For example, the aerodynamic drag
force acting on a CME has been modeled by numerical simulations (e.g., Cargill
et al., 1996; Vandas et al., 1996; Cargill, 2004). In Figure 6(b), the index α times
the square of the initial speed of the CME (α × V 2

CME) is plotted against the square
of the relative speed, (VCME–VAMB)2, where VAMB is the speed of the ambient
solar wind. The average ambient speed, VAMB ≈ 400 km s−1, has been obtained
from the daily scintillation measurements. This plot shows a high degree of linear
correlation, coefficient ∼97%, which indicates that the index α associated with a
CME represents the amount of energy utilized/gained (∼ V 2

CME) in the background
flow. It is important to note that in a realistic situation, the speed of the ambient
solar wind, VAMB, should be a function of heliocentric distance to reflect the actual
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Figure 7. Initial speed of the CME plotted as a function of observed MC/EJ speed at 1 AU. The

dotted line is the ‘zero’ acceleration line. The solid curve is the best fit to the data points. The arrow
indicates the initial threshold speed, ∼385 km s−1 (refer to Figure 5), and events with speed lower

than this will experience an acceleration and those with higher speeds will show deceleration. The

data points enclosed with square symbols represent CMEs that interact with preceding CME(s).

solar wind conditions along the path of the CME (e.g., Gosling and Riley, 1996;
Gosling et al., 1998).

4.4. SPEED AND ARRIVAL TIME AT 1 AU

In Figure 7, the speed of the CME at 1 AU and corresponding initial speed are
plotted. The ‘zero’ effective acceleration is indicated by the dotted line, on which
the initial speed of the CME equals the final speed of MC/EJ at the Earth’s orbit.
It is clear that except for four cases, all the CMEs went through a moderate to
severe deceleration before the arrival at 1 AU. However, out of these four cases,
three events have also shown α > 0 (refer to Table I, numbers 1, 9, and 21) and
as discussed in Section 4.3, they have been likely accelerated before the arrival at
1 AU. The fourth event (Table I, number 8) was observed with an initial speed of
313 km s−1 and a marginal acceleration in the LASCO field of view. The index α

(= − 0.06) at the IPS region indicates that this event has traveled with not much of
speed variation.

A least-square fit to the data points in Figure 7 provides an average relationship
between the initial speed (VCME) of the CME and the final speed (i.e., speed of
MC/EJ) at 1 AU, as given by,

VMC/EJ = 300 + 3 × 10−1VCME − 6 × 10−5V 2
CME. (2)

This best-fit curve crosses the ‘zero’ acceleration line at a speed of ∼ 385 km s−1,
which is same as the threshold speed obtained from Figure 6(a). As discussed in
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Section 4.3, this speed determines the effective acceleration imposed on a CME
through interaction.

For each CME, the overall fit to the LASCO and IPS measurements (e.g., refer
to radial profiles shown in Figure 5) has also been used to estimate the expected
travel time and speed of the MC/EJ at 1 AU. These estimates are also listed in
Table I. The comparison between the observed and predicted travel times shows a
good correlation of ∼96%, which confirms that the fitted profile of speed depicts
the actual path of the CME. Before arriving at 1 AU, however, a CME is likely to
encounter large-scale structures of varying physical properties to assist or hinder
the propagation. It is partly reflected on the correlation between the observed and
estimated speeds of MC/EJ at 1 AU (see Table I). A rms variation of ∼70 km s−1 is
found between these speeds. The average observed speed at 1 AU is 〈VMC/EJ(obsd)〉 =
573 km s−1 and the average predicted speed is 〈VMC/EJ(pred)〉 = 541 km s−1. The
radial profile of speed of a CME thus obtained combining the LASCO and IPS
images yields a factual view, which is nearly close to the actual speed variation, of
the propagation of the CME in the inner heliosphere.

4.5. CME’S INTERNAL ENERGY

Figure 8 displays the observed travel time of the CME to 1 AU as a function of
its initial speed, VCME. It is evident that for a given initial speed, a range of travel
times is observed, suggesting that each CME is going through different kind of
interaction and/or acceleration. This result further suggests that the large-scale
structures of the solar wind encountered by the CME tend to shape the radial-speed
profile. The travel times predicted from the speed profiles obtained by combining

Figure 8. Initial speed of the CME plotted as a function of observed travel time to 1 AU. The solid
curve is best fit to the data points. The data points enclosed with square symbols represent CMEs that

interact with preceding CME(s).
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the LASCO and IPS data (see Table I) show less scatter than seen in Figure 8. It thus
demonstrates that the realistic radial profiles are obtained from the present study
and results also reiterate the essential need to measure the propagation of the CME
at multiple distances before it hits at 1 AU. The least-square fit to the data points,
drawn by the solid line in the figure, shows a steady decrease in travel time as the
initial speed increases. It provides the typical travel time for a given initial speed,
as given by,

TCME = 108.6 − 0.5 × 10−1VCME + 1.1 × 10−5V 2
CME. (3)

An interesting point to be noted in the previous Equation is that a CME moving
with a speed of the ambient solar wind (e.g.,∼400 km s−1) would hit the Earth’s orbit
at ∼90 h. However, the typical solar wind with the same speed takes about 103 h
to cross the Sun–Earth distance. The 13-h difference in the aforementioned transit
times suggests that the propagation of the CME is supported by the energy stored
within itself. In other words, the transit time derived from the previous equation
includes the energy stored in the CME and/or interaction to impose an effective
acceleration on the propagation. Therefore, many questions related to the evolution
of a CME in the interplanetary medium are also closely connected to the magnetic
configuration at the origin of the CME on the solar surface. For example, most of
the CMEs expand as they move outward in the solar wind and some of them travel
faster than the highest speed solar wind. The expansion/acceleration is probably to
be associated with the outward pressure exerted by the CME cloud. The interaction
of the CME with the background solar wind, although complex, plays a key role
in the overall physics of the expansion. Therefore, the next natural question is that
how long or how far the expansion of the CME (and the resulting acceleration) can
support the propagation. Manoharan et al. (2000, 2001, 2002) have shown that at
distance, R < 80 R�, the acceleration is dominated by the expansion of the CME
and at larger distances, the interaction with the ambient solar wind dominates. In
Figure 5, the change in slope, i.e., β to α transition, takes place at ∼60–80 R�
and it suggests a change from the CME expansion dominated region to the solar
wind interaction influenced space. The relationship between the index, α, and initial
speed of the CME, VCME (Equation (1)), is mostly interaction dominated and the
relationship (Equation (3)) between the travel time and the initial speed of the CME
confirms the partial support provided by the magnetic energy in the propagation to
1 AU. However, for the high-speed CMEs (e.g., VCME ≥ 2000 km s−1), the travel
time is mostly controlled by the interaction of the CME with the solar wind.

5. Summary

In this study, the analysis of radial evolution of 30 large angular width CMEs has
been carried out for the Sun to 1 AU distance range by combining the white-light and
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IPS images. These CMEs cover a wide range of initial speeds, ∼260–2600 km s−1

and include categories of constant speed, accelerating, and decelerating CMEs in
the Sun–Earth distance range. The results are as follows:

– The present analysis emphasizes the importance of the multi-point three-
dimensional measurements of both CMEs and surrounding inhomogeneous solar
wind to understand the complex evolution of CMEs in the interplanetary medium.

– It is broadly known that the CME having initial speed less than the ambient solar
wind speed is accelerated by the surrounding solar wind and on the contrary, the
high-speed CME is decelerated (e.g., Vandas et al., 1996; Lindsay et al., 1999;
Gopalswamy et al., 2000; Manoharan et al., 2004) and results of the present
study are in good agreement with these earlier findings (refer to Figures 5 and
6).

– Many questions related to the evolution of CME in the interplanetary space are
closely linked to the origin of the CME on the Sun. In other words, it is important
to understand the dominant role played by the CME expansion over that of the
interaction effected by the surrounding solar wind. The radial profile of the
speed at distances R ≤ 50 R� (V ∼ R−β) is nearly flat and shows no significant
dependence on the initial speed of the CME. It suggests that the CME expansion
is stronger than the drag force and it likely ceases at about 60–90 R� where the
transition takes place between indexes β and α.

– The radial speed of the CME tends to attain the speed of the ambient solar wind
at 1 AU or further out of the Earth’s orbit. The speed profile between the Sun and
1 AU and the arrival time of the CME at 1 AU reveal the combined influence of the
CME expansion and the interaction at different regions of the inner heliosphere.
But, the high-speed CME’s radial index α at large distances, R ≥ 80 R�, is steep
and shows systematic change with the initial speed of the CME. The results are
consistent with the individual event studies as well as the numerical simulations
(e.g., Smith and Dryer, 1990; Manoharan et al., 2000, 2001; Gonzalez-Esparza
et al., 2003; Manoharan, 2003). Therefore, the radial-speed index, α, shows the
effect of the drag force, applied by the surrounding solar wind, which tends to
equalize the speed of the CME to that of the local solar wind speed (refer to
Figure 5).

– The relationship shown in Figure 6 between the speed-profile index, α, and the
relative speed (or the initial speed) of the CME depicts the evolution of the
CME in the undisturbed steady solar wind condition. But, for several cases, it
may be far from the realistic condition. The scatter seen in the plot confirms the
heterogeneous structure of the solar wind. The cases decelerating more than the
average curve have likely been more dragged and/or launched with considerably
less internal energy. On the other hand, the events accelerating more than the
average curve should possess large amount of expansion (or magnetic) energy
to aid the propagation. The flat and/or no significant dependence of the index β
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with the initial speed suggests that the eruption speed may not be directly linked
to the internal energy of the CME.

Thus, each CME has a unique evolution trajectory and to predict the CME arrival
at 1 AU, multi-point measurements are essential. In summary, the outward pressure
exerted by the CME cloud tries to overcome the dynamic interaction with the solar
wind and it supports the propagation up to a certain distance, which is less than
100 R�. At larger distances, the crucial measurements provided by the IPS show
that the interaction of the CME with the surrounding solar wind shapes the radial
evolution of the CME. Measurements from the LASCO, the IPS on a large number
of source, and the proposed STEREO mission combined together will provide a
complete picture of the three-dimensional view of the CME propagation between
the Sun and Earth.
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