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Abstract We have investigated the some properties such as speed, apparent width, acceleration, latitude, 
mass and kinetic energy etc. of all types of CMEs observed during the period 1996-2007 by SOHO/LASCO 
covering the solar cycle 23. The results are in satisfactory agreement with previous investigations. 
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1. INTRODUCTION 
 
The solar cycle and activity phenomena are some of the interesting physical processes that are least 
understood. Since the discovery of sunspots, their origin and formation with their cycle activity remains a 
mystery. In a similar way, physics of the recently discovered (compared to dates of sunspots’ discovery) 
solar activity phenomenon, viz; the coronal mass ejections (CMEs) is yet to be understood. Because of 
CMEs geoeffectiveness and space weather effects that ultimately involve the societal effects on the earth, 
frequency of their occurrence and other physical parameters such as mass and kinetic energy need to be 
documented for theoreticians in order to come out with a reasonable CME model. 

Coronal mass ejections (see. e.g., Cremades & St. Cyr, 2007, Gopalswamy, 2006, 2004, Gopalswamy et 
al., 2003a, b and references therein) are a topic of extensive study, since they were first detected in the 
coronagraph images obtained on 1971 Dec. 14, by NASA’s OSO-7 space craft (Tousey, 1973). Yashiro et al. 
(2003) have described properties of Narrow CMEs observed with Large Angle and Spectrometric 
Coronagraphs (LASCO) on board SOHO (Solar and Heliospheric Observatory). whereas Gopalswamy et al. 
(2003a) have studied the solar cycle variation of different properties of CMEs such as daily CME rate, 
average and median speeds and the latitude of solar sources for cycle 23 (1996-2003). Since LASCO/SOHO 
images the corona continuously since 1996 covering a field of view in the range 1.5-32 Rs, it represents a 
unique data coverage from solar minimum to maximum and beyond with a single spacecraft (Brueckner et 
al., 1995). 

We have extended the above-mentioned studies for the period 1996-2007. The qualitative results obtained 
in the present study are expected to be almost the same as these obtained earlier; of course, there might be 
differences in the numerical estimates.                        

The data for CMEs have been taken from the catalogue maintained by the Centre for Solar Physics and 
Space Weather (CSPSW) (http://cdaw.gsfc.nasa.gov/CME_list). The quality index of data taken by us ranges 
from 1 to 5 scale: Poor, Fair, Typical, Good and Excellent. St. Cyr et al. (2000) have suggested that duty 
cycle correction may not be necessary for the LASCO data.  
 
2. Some Properties of CMEs 
 
The OSO-7 coronagraph detected only 27 CMEs over a period of 19.5 months. The Skylab ATM 
coronagraph recorded 110 CMEs during its 227 days of operation. SOHO/LASCO has detected more than 
12900 CMEs over a period of 12-years (Jan.-1996 to Dec.-2007). Table-1 summarizes these observations and 
updates a previous compilation by Gopalswamy (2004). 
 
 
 
 



 
Table 1: CME properties from various coronagraphs [updated from Gopalswamy (2004)]. 
 
Coronagraph OSO-7 Skylab Solwind SMM LASCO 
Epoch 1971 1973-74 1979-85 1980,84-89 1996-2007 
Field of View (R s) 2.5-10 1.5-6 03-10 1.6-6 1.2-32 
# CME Recorded 27 115 1607 1206 12981 
Mean Speed (km/s) - 470 460 350 435 
Mean Width (deg) - 42 43 47 41 
Mass (1015 g) - 6.2 4.1 3.3 1.2 
   
2.1 Speed of CMEs 
 
Mass motion is the basic characteristic of CMEs which is quantified by their speeds. Coronagraphs obtain 
images with a preset time cadence. Thus when a CME occurs, the leading edge moves to a greater 
heliocentric distance. On measuring the heliocentric distance of the leading edge of the CMEs in each 
LASCO image one obtains CME height as a function of time. It is to be noted that the height-time 
measurements are made in the sky plane, so all the derived parameters are lower limits to the actual values.  

The height-time (h-t) plots fitted to first order polynomials give an average speed within the LASCO field 
of view; but it may not be suitable for all CMEs. Quadratic fit to the h-t plot gives the constant acceleration 
which again is an approximation because the acceleration may also change with time (Gopalswamy, 2006). 
The annual average and median speeds and the average magnitudes of the latitudes of all types of CMEs 
during the period 1996-2007 are exhibited in Table 2. The overall average and median speeds are 435 km/s 
and 369 km/s, respectively. The histogram of speeds is in Fig.1 and Fig.2 exhibits the annual average and 
median speed distributions. The solar maximum of cycle 23 which falls in the year 2000 coincides with the 
maximum in speed distribution (cf. Fig. 2). The other maximum in CME mean speed occurs due to the 
Halloween 2003 CMEs.    

 

 
Figure 1: Histogram shows the speed distribution of all CMEs during 1996-2007. The fractions along y-axis in the 
figure give the fractional number of events having a given speed. 
 
 
 
 
 



Table 2: Annual average, median speeds and the average magnitude of latitudes of CMEs during 1996-2007 
period.  
 

 

 
 
 

 
Figure 2: Annual average and median of CME speeds from 1996 to 2007, showing clear increase towards solar 
activity maximum. 

Error bars in Fig. 2 show the statistical errors in average and median speeds.  
 
2.2 CME Width 
 
It is measured as the position angle extent in the sky plane. For CMEs away from the limb, the measured 
width is likely to be an overestimate but it should be true width for CMEs originating from close to the limb. 
Figure 3 is the histogram of apparent angular width for the period 1996-2007. Figure 4 exhibits the annual 
average and median width distribution for the same period. Clearly the width distribution is biased towards 
lower CME widths. The apparent angular width of CMEs ranges from a few degrees to more than 1200 (cf. 
Fig. 3). 
 
    

Speed (km/s) Average│latitude│(deg) Year Number of 
Events Average Median 

Number of 
Events All ≤│500│ 

1996 197 269 237 206 14 13 
1997 376 320 272 380 14 12 
1998 697 413 361 706 26 20 
1999 997 495 436 1002 37 23 
2000 1587 501 447 1602 39 25 
2001 1483 473 403 1487 35 24 
2002 1644 508 450 1659 36 24 
2003 1113 544 478 1122 34 24 
2004 1084 448 399 1095 28 21 
2005 1222 335 361 1238 28 21 
2006 1034 321 289 1043 25 20 
2007 1441 255 240 1441 25 18 



 
 

Figure 3: The width distribution of SOHO/LASCO CMEs from 1996-2007. The last bin shows all CMEs with width > 
1800, which amounts to 5-6% of all CMEs. The fractions in the figure give the fractional number of CMEs having a 
given angular width. 
 

The average width from the 11-year data for non-halo CMEs (11760) is 410 and the median width is 360. 
Halo-CMEs are those CMEs with width >1200, but they are excluded because it is difficult to measure the 
actual width of such halo-CMEs due to projection effect. The average width for all CMEs is smallest during 
solar minimum (1996 and 2007). The trend of variation is quite similar (cf. Figs. 4 & 5). The peak in width 
occurs around the year 1999 and declines slowly to minimum similar to Yashiro et al., (2004).  

 

 
Figure 4: Annual average and median widths of SOHO/LASCO CMEs from 1996 to 2007 with associated error bars.  
 
The statistical errors in annual width distribution are exhibited in figure 4. For completeness their numerical 
values are exhibited in Table 3. 
  



 
 

Figure 5: Annual average and median of non-halo CME widths by SOHO/LASCO from 1996 to 2007. 
 
 
Table-3: Annual median and average CME angular width, along with the associated errors during 1996-
2007 
 

Year Average Error of 
average 

Median Error of 
median 

1996 54 3.8 42 4.8 
1997 72 3.7 53 4.6 
1998 67 2.8 48 3.5 
1999 72 2.1 56 2.6 
2000 65 1.8 48 2.3 
2001 74 1.9 52 2.4 
2002 63 1.7 43 2.1 
2003 60 1.9 44 2.4 
2004 61 2.1 40 2.6 
2005 59 2.2 37 2.8 
2006 38 1.5 25 1.9 
2007 24 0.8 14 1 

 
2.3 Latitudes 
 
The latitude distribution of the central position angles of CMEs tends to cluster about the equator at 
minimum but broadens to cover all latitude near solar maximum. The latitude distribution of CMEs depends 
on the distribution of closed field regions on the solar surface (Hundhausen, 1993). The CME latitude is 
obtained from the central position angle of the CME under the assumption that CME propagates radially 
away from the solar source region (Hundhausen, 1993; Gopalswamy, et al., 2003b). This assumption may 
not be valid during solar minimum periods when the CME path may be controlled by the global dipolar field 
of the Sun.  
During the rising phase of cycle 23 (1997-1998), the CME latitudes were generally close to the equator and 
subsequently spread to all latitudes. During the maximum phase there are many polar CMEs and the number 
of such CMEs was larger in the southern hemisphere and occurred over a longer time period than in northern 
hemisphere.   
Figure 6 shows distribution of apparent latitude for the 12-year (1996-2007) period involving 12981 CMEs. 
Table 2 exhibits annual averages of latitudes of all CMEs and those having latitudes ≤ |500 |.  
 



 
Figure 6: Histogram shows the latitude distribution of all CMEs from 1996-2007. The fractions along y-axis 
in the figure give the fractional number of events having given latitude. 
 

It is clear from Fig. 6 that a very few CMEs are ejected from close to the equator. The distribution is 
almost symmetrical about the equator. During 1996-2007 period the number of CMEs having latitudes in 
between ± 50 to ± 350 is much larger than those beyond ± 350. 

 
2.4 CME Acceleration 

 
All CMEs have positive acceleration in the beginning as they lift off from rest. In this situation the propelling 
force, exceeds gravity force and other restraining forces. As soon as a CME lifts off, it is subject to an 
additional retarding force (the drag), Fd, which is given by (Cargill et al. 1996; Gopalswamy 2004) 
 
          Fd= CdAρ - VCME -VSW - (VCME - VSW),  
 
where Cd is the drag coefficient, A is the surface area of the CME, ρ is the plasma density, VCME is the CME 
speed and VSW is the solar wind speed. Close to the Sun, the solar wind speed is negligible. 

Figure 7 is the histogram of CME acceleration for the period 1996-2007, i.e. of cycle 23. It is clear from 
this figure that a majority (66%) of CMEs are decelerated, about 9% of them move with little acceleration 
and the remaining 25% have positive acceleration. Thus CMEs have clear bias towards negative acceleration 
(deceleration). In all there are 7995 CMEs whose acceleration could be determined.  
 

 
 Figure 7: Histogram of acceleration of CMEs, showing clear bias towards deceleration.  
 

The h-t plots fall into three types: accelerating, constant speed and decelerating, indicating different 
degrees of propelling and retarding forces acting on CMEs (Gopalswamy et al., 2001b). The accelerating 



profile indicates that the propelling force is still active in pushing the CME outward. Fig. 8 shows a scatter 
plot between the measured acceleration, a (in m/s2) and speed, V (in km/s) of all the CMEs for which the 
acceleration estimate was possible. Despite the large scatter, the acceleration has a reasonable correlation 
with speed, a= -0.0102(V-455), which shows that slow CMEs (V<455 km/s) accelerate, CMEs of 
intermediate speed (V~ 455 km/s) have no appreciable acceleration and fast CMEs (>455 km/s) decelerate. 
Close to the Sun “a” is determined by the propelling force, gravity and coronal drag. If a=0, then V=455 
km/s.  

 
Figure 8: Acceleration as a function of speed of all CMEs from 1996-2007. The acceleration has a large scatter, but 
there is a clear trend that the fast CMEs decelerate, while slow CMEs accelerate. “r” is the correlation coefficient of the 
distribution.  

 
 
2.5 Mass and Energy 
  
The width is a good indicator of the mass content of CMEs. The mass in a CME is estimated by determining 
the CME volume and the number of electrons in the CME under the assumption that the CME is fully 
ionized hydrogen plasma with 10% Helium.  

The current LASCO database of CMEs contains more than 12000 events. CME observations are available 
over a significant part of solar cycle; thereby allowing us to obtain a very reliable estimate of their mass and 
energy profiles.  
Figure 9 is an 11-year (solar cycle 23) histogram involving CME mass and corresponding number. The 
annual average and median mass and kinetic energy are exhibited in Figures 10 and 12. The average mass of 
all types of CMEs (total number 6808) is found to be about 1.2x1015g. The total mass ejected in CMEs range 
from a few times 1011 g to more than 1017 g. The LASCO/SOHO averages are approximately lower by a 
factor of two than those of Solwind and SMM averages confirming the results in Cremades & St. Cyr, 2007. 
 

 
Figure 9: CME mass of SOHO CMEs for the period 1996-2006.  
 



 
Figure 10: Annual average and median of CME mass (g) by SOHO/LASCO from 1996 to 2006, with statistical error 
bars. 
 

 
Figure 11: CME kinetic energy of SOHO CMEs for the period 1996-2006. 
 
 

 
Figure 12: Annual average and median of CME K.E. (erg) by SOHO/LASCO from 1996 to 2006, with statistical 
error bars. 
 
Figure 11 is the histogram of kinetic energy of all types of (6808) CMEs observed during solar cycle 23. The 
kinetic energy obtained from the measured speed and mass ranges from ~1027 erg to 1032 erg with an average 
value of 1.9x1030 erg. Some very fast and wide CMEs have kinetic energies exceeding 1033 erg and they 
generally originate from large active regions and are accompanied by powerful flares (Gopalswamy et al., 
2005). There are lots of uncertainty in estimating mass and energy of CMEs. Hence the vertical error bars are 
over plotted in figure 10 and 12. 
 
 



2.6 Occurrence rate 
 
A CME rate of 0.5 CME/day was derived from the OSO-7 coronagraph data (Tousey et al. 1974). Skylab 
data indicated an average rate of ~1/day with good correlation between sunspot number (SSN) and CME rate 
(Hildner, 1976). Combining Skylab, SMM, Helios (Photometer) and Solwind observations Webb and 
Howard (1994) found a rate of 0.31 to 0.77 CME/day for the solar minimum years and 1.75 to 3.11 
CMEs/day for the solar maximum years. The correlation between CME rate and SSN was also found to hold 
when the data were averaged over Carrington Rotation (CR) periods (Cliver et al., 1994). Based on the first 
two years of operation of SOHO St. Cyr et al. (2000) studied the CME rate and found them to increase 
steadily during the rise phase of the solar cycle. They concluded that the rate corresponding to the rise phase 
of cycle 23 was not significantly different from pre-SOHO observations.  

During solar minimum, one CME occurs every other day. The rate goes up to several per day during solar 
maximum. On one day during solar maximum, 13 CMEs were recorded by SOHO; there were several days 
with more than 10 CMEs (Gopalswamy et al. 20003a). The daily CME rate averaged over Carrington 
Rotation (27.3 days), increases from less than 1 during solar minimum in 1996 to slightly more than 6 during 
maximum (2000) (Fig. 13). The large spikes are due to active regions that are very active producers of 
CMEs.  

However the SOHO years reveal a much sharper increase of activity in year 1998. It must be taken into 
account that the values for this year are the most uncertain ones, due to two large data gaps that account for 
almost 6-months. The years 2004-07 do not show appreciable decline in the CME production, despite the 
quick decrease in the solar activity and represents a new results. Only future data may confirm this trend.  

 The solar maximum rate of SOHO CMEs was nearly twice the highest corrected rate (3.11/day) reported 
for previous cycles (Webb and Howard 1994). We attribute this primarily to the better sensitivity and the 
enormous dynamic range (16000:1) of the LASCO coronagraph. Additional factors include large field of 
view and more uniform coverage over long periods of time (Howard et al. 1997). Note that the LASCO CME 
rate is not corrected for duty-cycle, but an analysis by St. Cyr et al. (2000) suggested that such a correction 
may not be necessary for the LASCO data. 

 
Figure 13: CME rate averaged over Carrington Rotation (CR) periods. The gap in the CME rate is due to SOHO 
mission interruption during June-October 1998 and a smaller gap during January-February, 1999.   

 
During the maximum of solar cycle 23, the CME rate exhibits two peaks one in 2000 and second in 2002. 

This was also discussed by Gopalswamy (2004); who in addition compares the location of the two peaks in 
both CME rate and SSN averaged over Carrington Rotation periods. 

 
2.7 Halo CMEs 
 
Halo CMEs are so named because they appear to surround the occulting disk of the coronagraph (Howard et 
al., 1982). CMEs heading toward and away from the observer can appear as halos. Only those halo CMEs, 
which are directed towards the Earth, are geoeffective and can produce geostorms etc at Earth. The CMEs 
having angular width >1800 are considered as halo-CMEs. 



 
 
Figure 14: Figure shows comparison between sunspot numbers, halo CMEs and fast and wide CMEs. Solid line 
represents sunspot number, dashed line represents halo CMEs and dotted line (with triangles) shows fast and wide 
CMEs. 

 
Figure 14 exhibits sunspot number, number of halo and fast and wide CMEs. It is clear from the figure that 

the solar maximum peak and halo CME peak occurs at the year 2000. The peak in number of fast and wide 
CMEs occurs at years 2002 and 2005. There are two peaks in the number of halo CMEs also. Thus the 
occurrence of halo or fast and wide CMEs is not well correlated with solar cycle variation. 

The number of halo CMEs is minimum (06) at the solar minimum (1996) and maximum (122) at solar 
maximum (year 2000). The situation is somewhat similar at the other solar minimum year (2007). 

 
3. Discussion and Conclusions 

 
The histogram of CME speed (Fig. 1) and annual (average and median) speed distributions show that there is 
bias towards low speed CMEs. There is one peak near solar maximum (year 2000) and another peak around 
the year 2003 (cf. Fig. 2). The second peak is due to super-active regions which are prolific producers of 
(Halloween 2003) CMEs. 

The histogram of apparent width (Fig. 3) for non-halo CMEs and the annual average and median apparent 
width distribution (Fig. 4) for all types of CMEs show bias towards lower apparent widths (250-550). The 
variation of apparent width with solar activity (sunspot number) is not quite clear but the apparent width does 
decline at solar minimum (years 1996 and 2007). 

Around solar minimum the CMEs tend to occur at lower latitudes, and as the rise to maximum occurs, the 
apparent latitude increases. The CME apparent latitudes are well-correlated with the latitude distribution of 
the helmet streamers (Hundhausen, 1993), rather than with the “butterfly diagram” latitudes of active regions 
(Hudson et al., 2006). The histogram of latitude (Fig. 6) shows a two-lobe distribution with distinct peaks at 
mid-latitudes (about 350) in both the northern and southern hemispheres and relatively few events near the 
equator. This is very different to the latitude distribution of white-light CMEs, which is sharply peaked at 
low latitudes.   

The histogram of CME acceleration (Fig. 7) shows bias towards negative acceleration. About 66% have 
negative acceleration, 25% have positive acceleration and the remaining 9% have very little acceleration. 

The mass is estimated as the excess mass in the coronagraphic field of view assuming that the entire mass 
is located in the sky plane (Vourlidas et al., 2002). Mass estimates have also been made using radio 
(Gopalswamy and Kundu, 1993; Ramesh et al., 2003) and X-ray observations (Rust and Hildner, 1976; 
Hudson et al., 1996; Sterling and Hudson, 1997; Gopalswamy and Hanaoka, 1998). The radio and X-ray 
estimates (1014-1015 g) are generally lower than the white-light mass values.  This is due to the fact that the 
X-ray and radio mass estimates correspond to the regions close to the Sun (and involve thermal emission 
properties of CME plasma) whereas the white light estimates correspond to larger heights (and involve 
Thomson scattering).  

The histogram of CME mass (Fig. 9) and the annual average and median distribution of mass (Fig. 10) 
show that it has no clear relation with solar cycle variation except for the fact that the annual average or 



median mass is lowest at solar minimum (year 2006). There are three peaks in annual mass distribution (cf. 
Fig. 10) at the years 1998, 2002, and 2005 in descending order of magnitude. 

The histogram of CME kinetic energy (Fig. 11) and the annual average and median kinetic energy 
distribution (Fig. 12) is similar to those of mass. 

The matter presented above leads us to conclude the following: 
1. LASCO/SOHO observed 12981 CMEs of all types during the period 1996-2007 forming solar cycle 

23. Out of these 737 (5.7%) are halo CMEs. The number of fast and wide CMEs is 484 (3.7%). 
2. The average and median CME speeds of all types are 435 km/s and 369 km/s, respectively. The 

average CME speed of all types of CMEs obtained by Gopalswamy (2006) for the data from 1996 to 
June 2005 is 483 km/s which differs from the present value by about 10%. 

3. The annual average CME speed variation is consistent with solar cycle 23 variations except for the 
second peak which occurs because of Halloween 2003 CMEs, as expected. 

4. The apparent CME width distribution is biased towards lower widths. The average apparent width for 
non-halo (width ≤ 1200) 11760 CMEs obtained by us is 410. The corresponding width for 8690 CMEs 
obtained by Gopalswamy (2006) is 460. 

5. Out of 7995 CMEs, whose acceleration was available, about 66% have negative acceleration, 25% 
have positive acceleration and the remaining 9% have very little acceleration. The distribution was 
biased towards CMEs which decelerated. The correlation coefficient for acceleration vs. speed is 
found to be satisfactory. 

6. The mass and kinetic energy of only 6808 CMEs could be determined. The average values of mass 
and kinetic energy are 1.2x1015 g and 1.91x1030 ergs, respectively. The corresponding values obtained 
by Gopalswamy (2006) are 6.7x1014 g (with 4124 CMEs) and 5.4x1029 ergs (with 4133 CMEs). 

7. About 48% of all CMEs come from northern hemisphere and about 51% come from southern 
hemisphere. Only 1% of CMEs come from equatorial region. 

8. CME rate per day (averaged over Carrington Rotation) increases from about 0.5 in 1996 to more than 
3 in 1999. It is about 5 in 2000, is more than 6 in 2002, remains more than 3 from 2003 onwards and is 
about 6 in 2007. It does not decline near next solar minimum (2006-2007). It represents a new result 
and can be confirmed by the data available in future during cycle 24.  

9. The variation in the number of halo or fast and wide CMEs is not well-correlated with the solar cycle 
variation. 
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